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PREFACE 


S.  L.  Gerttman  and  N.  E.  Promisel* 


In  1957,  the  President  of  the  United  States  and 
the  Prime  Minister  of  Great  Britain  made  a 
"Declaration  of  Conunon  Purpose".  Subsequently, 
the  Canadian  government  also  subscribed  to  this 
document,  which  has  recently  been  reaffirmed  by 
the  three  governments.  The  Declaration  pointed 
out  a  principle  of  interdependence,  based  on  the 
concept  that  the  resources  of  the  three  countries, 
and  in  particular  their  skilled  scientific  and  tech¬ 
nical  manpower,  could  be  used  to  much  greater 
advantage  if  closer  collaboration  could  be  a  jhieved. 
Accordingly ,  provisions  were  made  ut.der  this 
Declaration  to  exchange  non- atomic  information, 
independent  of  any  atomic  information  exchange 
considc  rations . 

From  this  Declaration  of  Common  Purpose 
there  has  emerged  the  Tripartite  Technical 
Cooperation  Program,  the  primary  objective  of 
which  is  to  eliminate  wasteful  duplication  of 
Defense  research  and  development  and  to  transfer 
this  effort  to  fields  which  are  inadequately  covered, 
thus  enabling  Defense  funds  be  applied  more 
effectively.  A  sub-committee  reviews  the  objec¬ 
tives,  the  resources  employed, and  the  progress 
achieved  in  the  three  countries.  It  formulates 
proposals  designed  to  obtain  the  maximum  coop¬ 
eration  and  optimum  employment  of  the  resources 
at  hand.  It  also  tries  to  insure  complete  and  con¬ 
tinuous  interchange  of  information  among  the 
three  countries  in  the  specified  fields  of  research 
rnd  development.  This  should  lead  to  improved 
equipment  for  the  armed  forces  and  also  should 
increase  the  opportunities  for  the  standardization 
of  weapons. 

As  part  of  the  organization  of  the  TTCP.  a 
Sub-Group  on  Materials  was  established  whic.i  has 
within  it  the  Atorking  Panel  on  Metals,  the  sponsor 
of  the  symposium  described  in  these  proceedings. 

The  establishment  of  the  Sub-Group  on  Materials 
derived  from  full  recognition  that  advances  in 
pe  rformcnce  of  weapons  and  supporting  equipment 
wer,  increasingly  dependent  upon  the  improvement 
in  the  knowledge  of  the  properties  and  applications 
ol  materials  and  on  the  improvement  of  th'  mate¬ 
rials  themselves.  Ultrahigh-strength  steels  com¬ 
prise  one  important  segment  in  the  rpectrum  of 
materials  which,  in  the  opinion  of  the  Working 
Panel,  required  intensive  exploration. 

The  Panel  came  to  the  conclusion  that  the 
expanded  usage  of  these  steels  to  many  applications 
in  which  weight  is  a  major  design  cone ide  re'.ion 
was  being  delayed  by  inadequate  knowledge  con¬ 
nected  with  deficiencies  in  these  materials,  such 
as  fracture  behavior,  and  the  lack  of  agreement 
concerning  the  design  signu'-cance  of  the  available 
test  data.  The  applications  th.at  could  be  expected 
to  benefit  from  these  steels  are  exemplified  in 
pressure  vessels,  hydrofoil  plates,  aircraft  and 
missile  structures,  fittings  and  lardi -<g  gear,  gun 
components  (tubes,  .mounts  ,  breech  rings,  etc.), 
shell  and  war  head  components,  combat  vehi-les 
hi(;h- strength  fasteners,  portable  military  bn 
•  ,S.  L.  Gertsman,  Chairman,  Working  Panel  on 

Metals  and  .N'.  E.  Promiael  ,  Chairman,  Symposium 
Committee 


and  many  others.  Discussion  of  these  items  led, 
naturally,  to  considering  a  symposium  on  ultrahigh- 
strength  steels  for  these  purposes. 

In  examining  the  desirability  of  such  a 
symposium,  the  Working  Panel  was  fully  aware  of 
the  significant  number  of  symposia  which  have  been 
and  are  being  held  on  this  general  subject,  but 
were  f  •'ed  to  conclude  that,  in  spite  of  the  ex¬ 
cellence  of  the  meetings  held,  the  programs  were 
not  primarily  oriented  toward  a  definition  of  the 
problems  and  the  obstacles  which  militated  against 
the  very  beneficial  expanded  application  of  these 
steels.  The  decision  was  made,  therefore,  to  hold 
a  conference  with  the  emphasis  directed  toward 
these  problems.  However,  because  the  meaning 
of  the  words  "high  strength"  depends  on  the  field 
of  application,  ana  in  order  to  limit  the  conference 
to  a  practical  scope,  the  term  "high-strength 
steels"  for  the  purposes  of  this  symposium  was 
defined  as  wrought  steels  having  a  0,Z%  proof 
strength  of  approximately  ZZ5,000  psi  as  a  target 
minimum. 

The  objectives  of  this  sy  nposium,  therefore, 
are  to  provide  an  effective  means  for  reviewing 
the  existing  technical  situation,  examining  the 
applications  that  would  benefit  from  the  use  of  the 
steels,  defining  the  major  problem  areas  that  are 
retarding  their  use,  describing  what  is  being  done 
in  these  areas,  and  indicating  promising  avenues 
for  prospective  improvement. 

Pursuant  to  the  above  objectives  and  because 
of  a  practical  necessity  for  limiting  the  symposium 
to  two  and  one  ha’f  days,  five  major  topic  areas 
and  sessions  were  planned,  with  coverage  as 
described  under  each  session  in  the  detailed  pro- 

includcc  late  r  in  this  report  of  the  symposium 
proceedings.  The  last  session  also  included  a 
summa  riiation  of  the  highlights  of  the  papers  and 
of  the  discussio.is  as  compiled  bv  a  special  group 
that  had  been  assigned,  a  prion,  the  responsibihtv 
for  being  particu.arly  attentive  to  the  presentations 
nd  discussions,  for  this  very  purpose.  This  ap- 
,  .oach  made  it  possible  for  the  Working  Panel,  in 
an  executive  session  immediately  following  the 
sympos’um,  to  discuss  specifically  the  highlights 
of  the  symposium  while  they  were  fresh  in  the  minds 
of  the  Panel,  and  to  proceed  with  planning  approp¬ 
riate  subsequent  activities.  These  highlights  appear 
at  the  beginning  of  this  r-port  as  a  Summa:  v,  for 
ready  reference  and  to  permit  the  reader  to  select 
tor*ics  of  particular  interest  to  him  for  more  de¬ 
tailed  reading  in  'he  complete  papers  which  follow. 


me  worxing  Panel  on  Metals  de„  .res  to  take 
this  ooportunity  to  sute  that,  in  its  agonizing  re¬ 
appraisal  ol  the  symposium  after  its  completion, 

It  has  concluded  that  the  participantc  indeed  repre¬ 
sented  and  demonstrated  an  outstanding  v.ross- 
sect.on  of  capability  in  this  field  and  that  the  infor- 
matior.  presented  in  this  symposium  provides  a 
significant  basis  for  establishing  future  cooperative 
efforts  among  the  tt.ree  countries.  The  Working 
Panel  also  desires  to  express  its  appreciation  to  all 
the  participants  fo.-  their  important  contributions. 


II 


CONCLUSICINS  AND  SUMMARY  OF  THE  TTCP  SYMPOSIUM  ON  HIGH-STRENGTH  STEELS 


N.  H.  Mason* 


CONCLUSIONS 

Despite  several  successful  applications  of 
haidened-and-tempered  steels  with  0.  2%  yield 
strengths  of  225,000  psi  and  above,  designers  are 
cautious  in  adopting  such  steels  on  a  wider  scale. 
The  reasons  for  this  reluctance  can  be  summarised 
under  a  number  of  headings. 

Lack  of  Advantage 

Certain  applications  of  steel  call  for  rigidity 
of  the  component  atid  in  such  cases,  replacement 
of  a  part  by  a  lighter  one  in  stronger  steel  is  im¬ 
practical  because  of  loss  of  stiffness.  What  is 
needed  in  such  cases  is  an  increase  in  Young's 
modulus  as  well  as  an  increase  in  ultimate  tensile 
strength. 

Cost 

Vacuum  melting  of  expensive  materials  to  ob¬ 
tain  a  high  degree  of  cleanness,  special  heat  treat¬ 
ments  for  forging  and  to  develop  properties,  special 
corrosion-protection  treatments ,  and  rigorous  in¬ 
spection  lead  to  high  cost.  Although,  when  icrvice 
equipment  is  concerned,  cost  alone  is  not  a  deter¬ 
rent,  there  are  limits  to  expenditure.  High  cost 
May  be  offset  by  weight  saving  and  space  saving, 
features  no;  restricted  to  aircraft.  Every  pound 
saved  in  service  equipment  o;  all  types  results  in 
a  much  greater  saving  by  the  tune  the  equipment 
has  reached  its  theatre  of  operation. 

Manufacturing  Difficulties 

Most  inaiuifacturing  difficulties  have  been  over- 
Co:ne,  at  a  cost,  hut  extreme  vigilance  has  to  be 
maintained  at  e'.-ery  stage  of  design  and  manufacture 
of  a  part.  Examples  of  special  requirements  are: 

Avoidance  of  Stress  Raisers 

Obvious  stress  raisers  are  sharp  corners  and 
abrupt  changes  in  section.  Less  obvious  ones  are 
superficial  damase  marks,  residual  stress  as  a 
result  of  inappropr late  mac’-ining  -.'r  grinding,  or 
slrainiTig  during  assembly. 

Fabric  ation 

Migh-tempe  rature  heat  treatment  after  wilding 
IS  a  l  omplir ating  requi -rment  for  steels  other  that, 
the  maraging  steels,  ihis  rules  out  steels  fo: 
many  applic  ations.  Cold  forming  of  sheet  by  the 
I  (invention  »1  processes  i»  either  difficult  or  impos¬ 
sible  (it  IS  not  possible  to  ruv'er  form  sheet  thick- 
r  r  than  0,  02  me  hi, 

Mihairman,  l.isicning  Panel;  assisied  by 
t|.  lardif.  1.  Rerman,  P.  Hendricks, 

J.  Fielding,  and  K.  Hu:h  k. 


Machining 

Most  machining  difficulties  have  been  overcome 
and  satisfactory  techniques  that  sometimes  depart 
widely  from  established  practice  have  been  evolved. 

It  is  necessary  though  to  ensure  adherence  to  them. 
Major  hazards  are  the  formation  of  untempered  mar¬ 
tensite,  particularly  in  holes,  and  residual  tensile 
stresses. 

Corrosion  Protection 

Although  some  users  have  obtained  years  of 
satisfactory  service  from  parts  protected  by  conven¬ 
tion;  I  cadmium  plating  and  parts  treated  with  organic 
protectives,  the  risk  of  hydrogen  embrittlem  ;nt  con¬ 
tinues  to  be  a  deterrent.  Plating  baths  that  do  not 
cause  hydrogen  embrittlement  have  been  developed, 
but  they  lack  the  simplicity  in  operation  that  is  essen¬ 
tial  to  inspire  confidence  in  their  use  in  a  plating 
shop.  Another  time-consuming  activity  is  a  need  to 
protect  the  parts  against  corrosion  during  manufac¬ 
ture. 

Unsatisfactory  Mechanical  Properties 

The  two  shortcomings  that  occasion  most  un¬ 
ease  are  undoubtedly  low  resistance  to  crack  initia¬ 
tion  and  low  resistance  to  crack  propagation.  Low 
level  and  scatter  of  transverse  properties  and  fatigue 
endurance  are  other  drawbackr  .  but  these  are  easier 
to  combat  than  the  first  two. 

Risk  of  Service  Failure 

The  main  rirf^s  of  service  failure  are  those  re¬ 
sulting  from  cor  osion  either  alone  or  accompanied 
by  static  or  cyclic  stress.  The  unavoidable  inter¬ 
action  of  these  modes  cf  failure  with  hydrogen  em¬ 
brittlement  confuses  the  position  even  more,  and 
rests  to  simulate  behaviour  under  such  complicated 
service  conditions  are  impossible.  The  risk  of 
failure  under  corroding  conditions  is  heightened  by 
the  lowr  tolerance  of  the  steel  to  crack  initiation  and 
propagation. 

Recommendations 

The  identifying  of  a  shortcoming  leads  naturally 
to  a  recommendation  that  further  work  should  be 
done  on  it.  There  is,  therefore,  little  point  in  enu¬ 
merating  obvious  fields  of  work  that  should  be  fur¬ 
ther  explored,  There  is,  though,  one  important 
inadequacy,  i.e.  ,  the  inadequacy  of  techniques  for 
locating  and  identifying  internal  or  physicat'y  ob¬ 
scured  defects.  The  minimum  sue  of  defect  detec¬ 
table  ,  the  ability  to  find  nonlaminar  defects  and 
defects  not  parallel  to  tne  surface,  and  the  identifi  ra¬ 
tion  of  the  type  of  defect  discovered  all  need  to  be 
improved. 


SUMMARY 
Opening  Session 

The  first  session  of  the  symposium  deals  with 
the  broad  subject  of  high-strength  steels,  including 
the  state  of  the  art,  applications,  and  design- 
material  relations.  There  were  5  papers  in  the 
session. 

The  first  paper  is  a  survey  of  the  field  of 
ultrahigh- strength  steels.  H)*  Eight  types  of  steel 
are  recognized,  i.  e.  ,  low  alloy,  5%  Cr-Mo-V, 
martensitic  stainless,  age -hardening  martensitic 
stainless,  cold-rolled  austenitic,  precipitation¬ 
hardening  austenitic,  187(i  rickel  maragiug,  and 
9Ni-4Co.  Usage  patterns  for  the  various  types  of 
stt-el  with  the  exception  of  the  last  type  have 
developed,  but  the  strengths  being  employed  in  ac¬ 
tual  parts  are  appreciably  lower  than  those  obtain¬ 
able  by  current  treatments  and  considerably  lower 
than  those  obtainable  by  treatments  regarded  today 
as  being  exotic.  Ten  reasons  are  given  why  fig¬ 
ures  obtainable  by  current  treatments  are  not 
being  used.  Substantial  increases  in  smooth-bar 
strength  are  possible  through  thermomechanical 
treatments,  a  subject  dealt  with  more  fully  in 
another  paper.  (Ih)  it  is  not  unlikely  that  steels 
with  a  yield  strength  well  in  excess  of  400,000  psi 
will  be  in  use  in  a  very  few  years,  but  this  use  is 
contingent  on  avoidance  or  elimination  of  the  draw¬ 
backs  referred  to. 

This  paper  is  followed  by  three  papers  setting 
out  service  applications  and  property  reciUirements. 
The  papers  were  supplied  by  the  U.  S.  .\.ir  Force, 
the  U.  S.  Army,  and  the  U.  S.  Nav-y. 

The  Air  Force  paper(“*‘)  draws  attention  to 
the  increased  severity  ol  condii;or.s;  of  service  today 
.IS  compared  with  those  obtained  »  few  years  .tgo, 
and  suimna rir.es  the  problem;  involved  in  the  suc¬ 
cessful  use  of  very  strong  steels.  It  lisl»  the  re¬ 
quirements  for  the  use  of  such  steels  .is  follows; 

(1)  Cle.inness  .tnd  suitable  metallurgical  struc¬ 
ture  (incUtding  optimum  grain  Hi  w  in 
forgings) 

{!)  A' c  idancf  'd  stress  raisers  and  sharp 
CO  rne  rs 

(  J)  Avoid.ir.ce  of  !‘'irf.ice  damage  in  processing 

(4)  Prevents.!,  ''f  cerrosion  effects  .iiid  hydro¬ 
gen  embrittlement 

('•)  Resist.incr  to  i  rack  iniliaticm  and  prop.iga- 
tiun 

(6)  Rrsisl.ince  to  f.itigue  failure 

(■’)  Development  of  .idcquate  inspection  tech¬ 
nique  s. 

ficamples  .ire  given  of  the  serious  consequen¬ 
ces  of  not  recognising  the  importance  of,  nor  guard¬ 
ing  against,  the  influence  of  some  of  iheif  factors. 
Fixaniples  are  the  presence  of  untempered  in-irtensile 
•Numbers  refer  to  the  papers  listid  in  the  Table  of 
Content  ;i. 


in  drilled  holes,  incorrect  servicing  procedures, 
penetration  of  plated  cadmium  into  parts  periodical¬ 
ly  heated,  inappropriate  plating  procedure  and  in¬ 
correct  grain  flow.  Of  the  physical  properties 
needed,  fracture  toughness  is  cited  as  one  of  the 
most  important.  It  is  stressed  that  successful  ap¬ 
plications  of  the  very  strong  steels  call  for  a  con¬ 
stant  monitoring  of  processing  techniques  from  the 
melting  process  to  the  servicing  of  the  part.  Cur¬ 
rent  nondestructive-testing  techniques  are  thought 
to  be  inadequate. 

The  Army  contribution(^^)  describes  compo¬ 
nents  which,  when  made  in  very  strong  steel,  failed 
in  service  and  had  to  be  replaced  by  others  in  more 
ductile  steel.  Work  in  hand  directed  towards  the 
solution  of  problems  encountered  in  the  use  of  the 
very  strong  steels  is  referred  to,  A  straightforward 
replacement  of  a  part  by  a  lighter  one  in  stronger 
steel  is  not  always  possible  because  a  thinner  part 
may  fail  due  to  instability,  or  the  part  could  suffer 
from  excessive  deflections  and  natural  frequency 
shifts  that  would  affect  its  dynamic  behaviour. 

Much  effort  is  being  devoted  to  the  study  of  brittle 
behaviour  and  lines  that  are  being  followed  are 
described.  The  need  for  refined  stress  analysis  is 
indicated. 

The  Navy  papert^*^)  stresses  the  importance  of 
structural  reliability  and  notch  sensitivity  .md 
draws  attention  to  deficiencies  .n  design  and  to  sur¬ 
face  deterioration.  A  service  failure  concerned 
a  part  that  failed  at  only  12  percent  of  the  expected 
breaking  stress  of  280,000  psi,  as  a  result  of  a 
crack  less  than  0.  2-inch  deep.  If  the  part  had  been 
he.at  treated  to  a  lower  strength  level,  it  would 
most  probably  have  withstood  a  much  higher  load. 

In  .mother  paper, it  is  stated  that  the  smalle  t 
flaw  known  to  cau.se  a  failure  (in  .i  rocket- n  oto r 
c.ise)  w.is  1/  i2-inch  long  .ind  1  /  32-inrh  deep.  The 
seve  e  conditions  ol  service  encountered  by  sub- 
m.irine  hulls  are  quoted  with  the  difficulties  of 
s.itisfying  these  when  employing  .i  steel  of  th«*  re¬ 
quired  200,000-psi  yield  strength.  The  d.mgers  of 
stre.ss  corrosion,  the  difficulty  ;n  detecting  it,  .>rd 
the  need  for  more  effcitive  me  .ms  of  preventing  it, 
tre  emphasised,  as  also  is  the  need  to  devise 
production  mrtht.‘ds  that  can  take  ad\ant.’ige  of  the 
fruits  of  research. 

The  f.nal  paper^^^  m  the  session  tleals  with  de¬ 
sign  parameters  m  materials  selection.  I  he  author 
utitires  a  "design  sciences"  approach.  This  ap- 
proai  h  uses  idcahseci  structural  configurations 
such  .IS  stiffer.ed-box  beams  ard  stiffened  cylinders 
as  repicsentative  structures,  to  establish  optimum 
designs  to  enable  the  efficiencies  of  v.iriuus  materi- 
•ais  to  ue  c>.*’uati'd.  Ultrahigh-^t  rengih  cteets  do 
not  appear  to  have  any  application  for  surface  sh’p 
hulls  nor  ft.  r  a  specified  range  of  hydrofoils.  For 
subsonic  ai  i  suprrsotiic  wmgs  and  tails,  steels 
above  the  .)0,0C0-psi  yield  strength  level  can  be 
competitive  with  titanium  at  the  higher  end  of  the 
di  sigr.-ir.drx  Tor  rocket -eng  me  cases  and 

ortlnance  ,  j.r.  ,  m.'terial  that  is  subjected  to  short- 
time  tension  iuacmg  ,  steels  at  the  )00,000-psi  level 


have  structural  potential,  although  from  the  stand¬ 
point  of  minimum  weight,  titanium  alloys  and  glass- 
filament -wound  structures  can  be  competitive. 

Deep  submergence  hulls,  where  the  loading  is  in 
compression  for  a  long  time,  are  a  likely  use  for 
300,000-psi  steel,  although  the  insistence  on  weld¬ 
ing  would  be  a  retarding  factor.  The  low  ductility 
of  the  steels  also  will  militate  against  their  use  as 
pressure  vessels.  Possible  design  solutions  for 
these  two  cases  are  suggested,  and  some  approxi¬ 
mate  guide  lines  for  the  use  of  very  strong  steels  in 
tension  structures  are  laid  down.  Design  require¬ 
ments  are  related  to  stress-concentration  factors 
ranging  from  1  to  more  than  8.  They  vary  from 
"meticulous"  through  "careful"  to  "routine".  Ap¬ 
proaches  to  ease  the  current  limitations  to  the  use 
of  very  strong  stee'^s  are  suggested. 

The  remainder  of  the  papers  related  to  specific 
properties  and  have  been  abstracted  under  these 
properties; 

Effects  of  Primary  Processing 

Welding 

Sheet  Forming 

Machining 

Corrosion 

Hydrogen  Embrittlement 
Notch  Sensitivity 
Factors  Affecting  Fracture 
Fatigue 

Maraging  Steel 

Quenched-and-Tempered  Steels 
Thermomechanical  Treatment 
Strengthening  Mechanisms. 

Effects  of  Primary  Processing 

The  paper  on  primary  processing^ embraces 
melting,  forging,  and  rolling  processes.  The  melt¬ 
ing  and  product  characteristics  of  air-melted  and 
vacuum-melted  steels  are  described,  the  term 
"vacuum  melting",  including  vacuum  degassing  plus 
carbon  deoxidation  as  well  as  induction-vacuum 
melting  (IVM),  and  consumable-electrode  vacuum 
melting  (CEVM),  and  combinctions  thereof.  A  corr- 
bination  of  IVM  and  single  or  double  CEVM,  using 
vacuum-melted  electrodes,  gave  a  product  superior 
in  every  way.  Spectacular  increases  in  the  direc¬ 
tion  transverse  to  the  principal  direction  of  work¬ 
ing  were  obtained.  Examples  of  improved  qualities 
developed  in  actual  forgings  are  quoted,  and  refer¬ 
ence  IS  made  to  a  new  steel  with  useable  ductility 
at  iJ5,000-psi  yield  strength.  The  advantages  of 
electron-beam  melting,  remelting  through  a  flux 
blanket  and  carbon  deoxidation  are  referred  to,  and 
in  the  field  of  hot  working,  the  improvement  in 
properties  and  performance  resulting  from  special 
thermal  cycles  after  hot  working  is  described. 

Wr  Iding 

There  are  two  papers  devoted  to  welding.  One 
is  hmited  to  joining  problems  of  a  metallurgical 
nature  and  the  other  deals  with  the  factors  that  af¬ 
fect  crack  initiation  and  slow  propagation. 


In  the  first  paper, ^ 5)  it  is  stated  that  the 
tungsten-inert -gas  process,  using  a  cold  wire  of 
matching  composition  is  the  usual  method  employed 
and  is  always  followed  by  heat  treatment.  Four 
types  of  high-strength  steel  are  considered,  i. e.  , 
quenched  and  tempered,  cold-worked  stainless, 
precipitation-hardening  stainless,  and  maraging. 

The  defects  and  difficulties  liable  to  be  encountered 
in  their  welding  are  described  and  suggestions  are 
made  on  how  these  may  be  overcome.  The  mar¬ 
aging  steels  offer  the  greatest  promise  as  weldable 
high-strength  steels,  but  more  research  is  needed 
to  establish  an  adequate  welding  technology.  A 
testing  technique  designed  to  provide  a  quantitative 
evaluation  of  hoi  -crackirig  tendency  is  described. 

The  second  paper(^^)  deals  with  the  factors 
that  affect  crack  initiation  and  propagation  in  thin- 
walled  rocket-metor  cases  of  welded  construction. 
The  paper  differentiates  between  cracks  initiated  in 
the  weld  zone  and  in  the  parent  metal  outside  the 
weld  zone,  and  stresses  the  importance  of  using 
steel  with  a  high  resistance  to  hot  cracking.  The 
factors  that  influence  crack  initiation  in  the  parent 
metal  are  discussed  below  under  "Factors  Affecting 
Fracture".  Fatigue  tests  on  welded  18Ni  maraging 
steel(  ^  suggest  that  the  material  with  the  most  in¬ 
clusions  gave  the  best  performance.  The  author 
considers  though  that  the  conclusion  is  spurious 
and  that  further  work  is  needed. 

Sheet  Forming 

The  paper  on  sheet  forming(^)  brings  out  the 
manufacturing  problems  encountered  and  the  limi¬ 
tations  that  result  from  high  tensile  strength.  High- 
strength  steel  sheet  thicker  than  0.020  inch  cannot 
be  rubber  formed.  The  high  creep  resistance  of 
most  of  the  high-strength  steels  eliminates  them 
from  hot-finish  forming,  while  resistance  to  defor¬ 
mation  at  temperatures  below  the  recrystallization 
tempe.ature  eliminates  them  from  hot  fornaing  in 
general.  High-velocity  forming  tests  of  H-11  at 
room  temperature  were,  however,  successful  and 
encouraging  properties  were  obtained  on  ISTsNi 
maraging  steel  back-extrusion  shear  formed  at 
room  temperature.  Sketches  of  typical  forming 
failures  are  given  and  helpful  data  on  forming  of 
high-strength  steel  by  various  methods  relative 
to  other  high-strength  alloys  are  quoted.  The  paper 
has  a  strong  practical  flavour. 

Machining 

The  paper  on  machining^^^  draws  attention  to 
the  advantages  of  low-stress  machining  and  grind¬ 
ing  conditions  to  control  surface  effects,  such  as 
plastic  deformation,  temperature  gradient,  resid¬ 
ual  stress,  metallurgical  transforr  ation,  over 
tempering,  surface  cracking,  and  surface  texture. 
The  ways  in  which  these  effects  can  affect  proper¬ 
ties  <>nd  performance  of  a  part  are  shown.  One  of 
the  more  important  defects  resulting  from  incor¬ 
rect  machining,  including  electrical-discharge 
machining,  is  untempered  martensite,  a  danger 
referred  to  in  another  paper. This  constituent 


is  inherently  brittle  and  often  cracks  almost  im¬ 
mediately,  and  the  cracks  are  very  liable  to 
propagate  by  stress  corrosion,  corrosion  fatigue, 
or  brittle  fracture.  A  technique  designed  to 
measure  the  residual  stress  resulting  from  machin¬ 
ing  and  grinding  is  described  as  are  processes  that 
minimise  the  depth  of  the  stress  layer  by  paying 
attenti^-n  to  wheel  speed,  type  of  wheel,  depth  of 
pass,  and  nature  of  grinding  fluid.  The  magnitude 
of  the  residual  stresses  produced  in  high-strength 
steels  by  milling  and  grinding  can  be  extrei..ely 
high.  Very  bad  practice  has  produced  a  residual 
tensile  stress  of  ^00,000  psi  but  100,000  psi  is 
frequently  observed.  Residual  stresses  may  be 
considerably  reduced  by  stress  relieving  at  an  ap¬ 
propriate  temperature  and  by  abrasive  tumbling 
and  shot  peening.  They  can  be  detected  by  acid 
etching,  which  in  severe  cases  wili  result  in 
cracking  and  by  X-ray  diffraction  f  Jchniques,  The 
use  of  ultrasonics  for  the  same  purpose  is  being 
explored.  Considerably  more  work  is  needed  to 
help  designers  and  manufacturing  engineers  to  make 
parts  more  accurately  by  control  of  distortion  and 
to  make  parts  more  reliable  through  control  of 
their  fatigue  and  stress-corrosion  characteristics. 

Corrosion 

There  is  one  paper  on  "Corrosion  Protection" 
and  one  on  "Stress-Corrosion  Cracking  and  Cor’-o- 
sion  Fracture", 

The  paper  on  "Corrosion  Protection",'®^  is 
confined  to  aerospace  components  requiring  com¬ 
plete  protection,  A  number  of  examples  of  failure 
in  service  are  given.  When  dealing  with  the  pro¬ 
tection  of  very  strong  steels,  the  author  stresses 
the  unavoidable  interaction  that  occurs  with  hydro¬ 
gen  embrittlement  and  lays  down  1.1  characteristics 
of  the  ideal  coaling  and  coating  process.  Factors 
that  affect  the  hydrogen-embrittlement  characteris¬ 
tics  of  plating  baths  are  stated  anti  the  l,awrence 
hydrogen-detector  gauge  is  described.  Although 
residual  tensile  stresses  can  be  so  reduced  that 
they  do  not  affect  the  beh.^viour  of  a  part  before  it 
goes  into  service,  they  can  induct  failure  by 
hydrogen  embrittlement  when  they  arc  supplemen¬ 
ted  by  other  stresses  ileveloped  by  mismatching  or 
minor  deformations  resulting  from  incorrect 
stressing.  Other  undesirable  effects  of  residual 
stresses  that  have  licen  ostensibly  nullified  by  a 
pretreatment  are  quoted.  The  Bureau  of  Naval 
Weapons  procedure  for  the  protection  of  parts  in 
very  strung  steel  is  given,  and  there  is  sound  ad¬ 
vice  on  spray  metallising  and  the  use  o'  vacuu.n- 
deposited  cadmiu-n.  Protection  techniques  cur¬ 
rently  being  examined  are  plasma  spraying  and 
aluminum  deposition  by  methods  other  than  spray¬ 
ing,  such  as  decomposition  of  mctallo-organtc  com¬ 
pounds  and  in  pigments  in  inorganic  and  org.tnic 
type  binders.  Protection  where  dissimilar  metals 
are  involved  and  the  use  of  clcctrodepoiited  coat¬ 
ings  to  resist  wear  are  discussed.  The  author  be¬ 
lieves  that  the  study  of  solid  surfaces  by  physicists 
using  field-ion  and  field-electron  microsccpy  and 
iow-ei.ergy  electron  diffraction  will  eventually 


provide  the  knowleage  needed  for  the  understanding 
of  corrosion  processes  and  quotes  some  hitherto 
unpublished  and  highly  informative  work  done  in 
this  field. 

In  the  paper  on  stress-corrosion  cracking  and 
corrosion  fatigue, (9)  it  is  stated  ‘hat  present  test 
methods  indicate  t!.at  many  heat-treated  steels  are 
susceptible  to  stress-corrosion  cracking  at  strength 
levels  as  low  as  150,000  to  175,000-psi  yield 
strength  in  reasonable  environ  nents;  and  .is  the 
susceptibility  to  hydrogen  embrittlement  also 
develops  in  this  strength  range,  cathodic  ^^rotection 
in  seawater  cannot  be  used.  The  disastrous  effects 
which  sometimes  result  from  the  extension  of  small 
flaws  caused  by  stress  corrosion  are  described. 

The  need  for  impermeability  of  coating t  to  humid 
air  is  stressed  and  it  is  pointed  out  that  organic 
coatings  which  are  normally  adequate  for  prevent¬ 
ing  general  corrosion,  may  not  prevent  stress 
corrosion.  When  testing  for  stress-corrosion 
cracking  and  corrosion  fatigue,  it  is  preferable  to 
start  with  a  specimen  containing  a  pre-existing 
crack  that  will  result  in  high  stress  inte  sity, 
rather  than  a  specimen  containing  a  stress  raiser 
such  as  a  pit.  Data  obtained  from  the  behaviour  of 
such  a  specimen  should,  in  principle,  be  related  to 
the  stress  and  crack  size  needed  to  cause  a  stress- 
corrosion  crack  to  grow  in  a  structure.  Such  a 
test  would  be  in  the  "K"  stress-intensity  concept, 
and  the  author  demonstrates  the  effects  of  stress- 
intensity  and  notch-toughness  ratios  on  the  time  to 
fracture  of  precracked  specii;..’ns.  Interesting 
possibilities  are  demonstrated  where  the  reU  i- 
ship  between  flaw  size  and  susceptibility  could  be 
examined,  I  he  maximuin  flaw  size  that  can  be 
permitted  without  cr.ick  growth  by  stress  corrosion 
can  also  be  calculated. 

As  regards  corrosion  fatigue,  there  is  a  meagre 
.imounl  of  information  available  about  the  behaviour 
of  very  strung  steels.  One  <  iniiot  consider  it  in 
isolation.  To  all  the  complexities  ot  stress- 
corrosion  cracking,  one  must  add  an  iniinile  num¬ 
ber  of  forms  of  load/tinie  profile  with  variations  in 
maximum  .oa»l ,  average  load,  and  frequency, 

I  he  re  is  little  to  be  gained  by  making  corrosion 
fatigu*  tests  in  seawater  on  a  material  th.*t  would 
fail  rapidly  in  those  conditions  under  statu:  stress 
alucir;  and  tests  in  the  atmosphere  or  tests  under 
extremely  low-cycle  hiph-stress  conditions--simi- 
lar  to  those  employed  in  pre ssure -ve ssel  testing-- 
are  likely  to  be  most  informative.  Although  im- 
presseu  cathodic  current  can  restore  the  air- 
fatigue  hfe  t  f  mild  steel  under  conventional  con¬ 
ditions,  It  should  not  be  assumed  that  cathodic 
protection  can  prevent  corrosion  fatigue  of  the 
steels  under  discussion. 

The  results  of  corrosion  fatigue  tests  on  mar- 
aging  steel  are  summarised  in  the  paragraph  or 
"Maraging  Steel". 

Hydrogen  Embrittlement 


VI 


This  subject  is  referred  to  in  several  papri;i, 
but  one  paper^*®^  is  devoted  solely  to  it.  The  author 


sums  up  the  current  theo  .1.  3  of  hydrogen  embrit¬ 
tlement  and  points  out  that  there  are  only  two  factr 
that  are  known  with  certainty,  i.e.  ,  that  hydrogen 
moves  through  steel  in  the  ionised  atomic  form  and 
that  the  atoms  move  to  regions  under  triaxial  ten¬ 
sile  stress.  The  nature  and  location  of  the  hydro¬ 
gen,  the  forms  of  hydrogen  responsible  for  embrit¬ 
tlement,  and  the  mechanism  by  which  hydrogen  r.*- 
duces  the  cohesive  strength  of  steel  still  await 
positne  ans  vers.  Ir.  industrial  applications  it  ap¬ 
pears  that  cleanness  of  steel,  surface  compression 
stres-s,  and  the  use  of  dry-cleaning  processes  as 
opposed  to  wet  or  acid-cleaning  ones,  are  practices 
that  will  prevent  the  absorption  of  hydrogen.  The 
production  of  satisfactory  cadmium  coatings  still 
present  difficulties.  With  adequate  control  of  pro¬ 
cedure  satisfactory  service  lives  can  Qe  obtained 
from  plated  parts.  Many  firms,  however,  prefer 
to  use  a  phosphate  treatment  instead  of  electro- 
deposited  coatings.  Work  designed  to  correlate 
hydrogen  content  with  degree  of  embrittlement  as 
shown  bv  a  sustained  load-notched  test  has  estab¬ 
lished  a  fair  degree  of  correlation  between  embrit¬ 
tlement  and  hydrogen  extractable  at  200  to  300  C  and 
a  cooperative  exercise  between  a  number  of  U.  K. 
laboratories  established  that  0.03  to  O.O'i  ppm  of 
hydrogen  extractable  in  the  temperature  range 
stated  is  the  threshold  quantity  that  causes  embrit¬ 
tlement  in  steels  of  normal  purity.  For  high-purity 
steels  the  threshold  may  be  0.  3  to  0.  5  ppm.  The 
relation  bet  veen  hydrogen  content  and  fatigue 
strength  is  disrussed  and  between  hydrogen  embrit¬ 
tlement  and  stress  corrosion.  The  theory  that 
stress  corrosion  failure  results  from  hydrogen  em¬ 
brittlement  is  not  supportv  j  by  the  fact  that  5%Cr 
steel  and  IS^'-Ni  maraging  steel  are  mi  re  susceptible 
to  stress  corrosion  tria.i  to  hydrogen  embrittlement. 
In  .mother  pap*T(*l',  reter*uice  is  made  to  the  ser- 
ice  f.iilures  of  three  aircr.ift  parts  in  AISI  4  340 
with  a  yield  strength  of  .tin, 000  psi.  .-MI  the  failures 
were  attrilmt«-<!  basically  ’o  this  cause. 

Notch  Sens  it  i\  it  y 


There  IS  a  most  comprehensive  paper  on  this 
sul'iect .  ^  ^  *  Ov  er  a  hun»lrr<l  pubdicat  ions  were  re- 
lewed  and  77  refe  retire. s  are  given.  Notch  tough¬ 
ness  is  defined  .1  s  the  reaction  to  stress  concentra¬ 
tions,  vvhelhe  t-  de  s  ign  discontinuities,  surface 
cracks,  or  uMern.^1  flaws.  K  is  recognised  as  the 
stress  intensity  factor  and  G  the  crack  rxlensuin 
force  or  energy  release  rate.  Notch- loughne s s  data 
are  reviewed  using  four  categories  of  steel,  i.e.. 
low  alloy  structural,  hut  dir  and  tool,  nickel  alloy, 
and  precipitation  hardening.  Two  values  are  used, 
I.e.  ,  notch  strength  ratio  and  vritical  slmigth- 
inlenpity  factor  Kj;  or  No  data  are  included 

fro.n  r.harpy  impact  tests  as  in  the  author's  view 
the  lest  IS  insufficiently  di  sc  riminatt.  r  y .  The  l8*lNi 
maraging  steel  was  found  to  Itr  definitely  superior  to 
the  r.irlier  steels  used  and  (hr  Q%Ni-4%(io  steel  is 
thought  to  have  desirable  chu  racle r istics  .  The  poor¬ 
est  of  the  well  known  steels  was  11.  11.  The  effects 
of  processing  \aria!>les  .>n  toughness,  i.r.  ,  melting 
practice,  ch.'mical  composition,  the  rmorrechanical 


treatments,  environment,  and  loading  rate  are  dis¬ 
cussed,  Contrary  to  general  belief,  it  seems  that 
vacuum  melting  does  not  necessarilv  produce  a 
material  with  superior  notch  toughness.  The  effects 
of  vacuum  melting  vary  with  the  alloy  but  it  has  a 
general  effect  of  reducing  directionality.  The  effect 
of  alloying  elements  in  detail  is  not  examined  but 
there  is  strong  evidence  of  the  deleterious  effects 
of  sulphur  and  phosphorus.  Decarburisation  should 
be  advantageous  for  such  items  as  rocket- motor 
cases,  but  more  information  is  needed  on  its  effec  1 
on  fatigue.  Water  or  water-vapour  environment  can 
have  an  accelerating  effect  on  slow  crack  growth  and 
some  alloys  have  been  found  to  be  more  susceptible 
than  others.  There  is  little  information  on  the  effects 
of  loading  rate  but  where  high  strain  rates  are  a 
service  condition  or  a  potential  hazard,  evaluation 
under  comparable  loading  rates  is  advocated.  The 
tests  on  actual  parts  are  largely  confined  to  those  on 
pressure  vessels  but  some  have  been  made  on  re¬ 
coilless  rifles  and  aircraft  landing  gear.  The  rifles, 
which  were  made  from  steel  with  220^000  psi  yield 
strength  were  satisfactory.  In  dealing  with  design 
requirement.s  the  scatter  in  notch-toughness  values 
on  a  particular  alloy  demands  a  notch-toughness 
test  in  a  specification.  The  test  should  cater  to 
any  extremes  of  temperature  that  will  be  encount¬ 
ered  in  service  as  in  general  the  notch  toughness 
decreases  with  temperature.  With  the  aid  of 
fracture  mechanics  and  a  knowledge  of  the  fracture 
toughness  the  critical  flaw  size  for  the  operating 
conditions  can  be  derived  but  to  obtain  the  limiting 
initial  flaw  size,  and  hence  the  level  of  inspection 
required,  data  must  be  obtained  on  the  rate  of  flaw 
growth.  Examples  are  given  of  data  of  different 
types  calculated  using  this  approach.  It  's  recom¬ 
mended  that  certain  approaches  be  explored  in  con- 
neclicn  with  prediction  of  behavi.iur  under  cyclic 
loading.  Numerous  othi-r  design  procedures  and 
Criteria,  not  all  based  directly  on  fracture  mechanics 
are  described.  Referring  in  particular  to  steel  with 
a  yield  strength  above  200,000  psi,  attention  la  drawn 
to  work  that  ha.'  show'n  that  at  this  level  the  Charpv 
upper  shelf  or  plateau  energy  may  drop  to  IS- 20  ft-lii, 
which  means  that  tiie  ductile  energy  absorption  is 
comparable  with  IIS’  energy  absorption  for  brittle 
fracture  ol  lower  strength  steels.  The  consequence 
of  th.s  IS  that  "no  cleavage"  fractures  ni..>  start  fiuni 
small  tiaws  at  elastic  stress  levels  close  to  the  yield 
strength.  In  conclusion,  the  author  points  out  that  a 
number  of  crtlrna  are  now  available  to  the  designer 
of  parts  in  ult rahigh- St rength  steel  and  that  fur 
"one-shot"  loading  the  criterion  has  tieen  loui...  to 
correlate  well  with  service  performance.  For  con- 
«.'<tions  involv  mg  cyclic  loading  allowance  must  be 
madx'  for  possible  slow  crack  growth  and  the  environ¬ 
ment  sh-^uld  lie  considered.  Shock  loading  applications 
call  for  more  aevere  tesla.  Simpler  tests,  e.g.  , 
the  instrumented  bend  test,  might  protitably  be 
explored  for  some  applications. 

F-actors  Affecting  Fracture 

In  the  paper  devoted  to  this  aubject^  ,  the 
author  maintains  that  to  evaluate  truly  the  auscep- 
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tibility  of  a  material  toward  cracking  in  the  absence 
of  a  mechanical  notch,  a  bend  test  on  a  wide  speci¬ 
men  is  most  suitable.  The  results  of  tests  over 
formers  of  different  radii  show  that  the  limiting 
radius  is  related  to  the  impurity  level  of  the  steel. 
Using  an  instrumented  bend  test  a  "crack-initiation 
susceptibility"  figure  is  derived.  Other  uses  oi  •■he 
instrumented  bend  test  are  described,  i.e.  ,  to 
stud,  the  effects  of  tempering  temperature,  de¬ 
carburization,  surface  treatment,  and  corrosion 
on  crack-initiation  susceptibility  in  3%Cr-Mo-V 
steel  and  18%Ni  maraging  steel.  There  is  evidence 
that  the  test  may  be  made  to  record  the  deforma¬ 
tion  that  occurs  before  c^ack  initiation  and  also 
slow  crack  propagation.  Satisfactory  correlation 
was  obtained  between  crack-initiation  susceptibility 
values  and  values  for  structural  efficiency  of 
rocket-motor  cases  and  tubes.  There  was  also 
good  correlation  with  plane-stress  fracture  tougn- 
ness  Kc  values  although  it  was  found  that  a  high  Kc 
value  did  not  always  give  a  high  structural  efficien¬ 
cy,  the  higher  efficiencies  being  obtained  with  the 
lower  Kj.  values.  One  important  finding  is  that  the 
steel  having  the  higher  resistance  to  crack  propa¬ 
gation  had  the  greater  susceptibility  to  crack 
initiation.  This  suggests  that  the  evaluation  of 
high-strength  steel  in  terms  of  only  may  not 
L  ’  adequate  and  highlights  the  need  for  more  work 
on  factors  affecting  crack  initiation. 

Fatigue 

Thert'  is  one  papern3)  this  ubject,  A 
survey  of  the  fatigue  properties  of  17  steels  with 
a  0.^  per  cent  yield  strength  greater  than  200,000 
psi  showed  that  regat  less  of  the  static  strength 
the  endurance  limit  for  10®  cycles  was  limited  to 
about  120,000  psi.  High  scatter  of  teat  results 
at  low  stress  levels  was  found  and  evidence  derived 
from  statistical  and  metallurgical  studies  show 
that  more  than  one  mechanism  of  fatigue  is  involved 
in  causing  failure  in  the  region  of  the  endurance 
limit.  The  statistical  grouping  might  profitably 
be  examined  with  the  object  of  isolating  the  fatigue 
properties  responsible  for  the  different  groups. 
Factors  identified  as  influencing  fatigue  behaviour 
are  environment  (humidity)  and  hard  inclusions. 

The  replacement  of  the  endurance  limit  by  a  new 
criterion  called  the  "Rayleigh  fatigue  strength" 

IS  advocated.  This  criterion,  which  is  described, 

IS  referred  to  as  a  unique  repeatable  test  configura¬ 
tion  which  can  be  of  great  value  in  assessing  fatigue 
strength  under  service  loadings.  The  criterion 
has  been  employed  to  asse  is  the  effect  of  the  manu¬ 
facturing  process,  some  effects  of  welding,  and 
the  effect  of  surface  condition.  Results  of  an  in¬ 
tensive  study  of  the  fatigue  properties  of  18%Ni 
maraging  steel  are  given.  These  are  summarised 
in  the  paragraph  below.  The  author  considers  that 
although  the  traditional  coniitant  amplitude  type  of 
fatigue  test  is  discredited  oa  statistical  and  econ¬ 
omic  grounds  in  its  use  to  determine  an  endurance 
limit  It  may  nevertheless  be  useful  to  isolate  the 
different  fatigue  processes  that  seem  to  exist  in 
metal  fatigue.  He  advocates  the  use  of  a  stationary 
random  process  type  of  fatigue  test  evaluation. 


Maraging  Steel 

Maraging  steels  are  referred  to  in  several 
papers,  but  one  paper (14)  jg  devoted  to  their  physi¬ 
cal  metallurgy  and  properties.  The  paper  is  re¬ 
stricted  to  the  18%Ni  variety.  Information  is  given 
on  the  following  properties:  recommended  chemical 
composition,  tensile  properties  (including  Kje), 
transformation  characteristics,  microstructure, 
strengthening  mechanisms,  roles  of  alloying  ele¬ 
ments,  effects  of  overaging,  segregation,  banding, 
retained  austenite,  thermal  embrittlement,  thermal 
stress  and  weld  cracking,  and  effects  of  minor  and 
residual  elements.  Fatigue  properties  are  discussed 
in  another  paper.  (*3)  this  investigation,  the 
author  uses  three  batches  of  steel  made  by 
consumable- electrode  vacuum  remelting  with  vacuum 
casting,  air  melting  with  vacuum-stream  degassing, 
and  air  melting-air  casting.  The  work  was  done  to 
aeiaess  the  fatigue  life  of  a  hydrofoil  main  foil. 
Preliminary  rotating  beam  tests  revealed  that  the 
scatter  of  test  results  at  low  stress  levels  could  be 
consistently  greater  than  100  to  1.  Using  the 
Rayleigh  criterion  referred  to  earlier,  it  was  found 
that  vacuum  techniques  not  only  resulted  in  a  greater 
mean  endurance,  but  reduced  the  variability  or 
scatter  in  the  test  results  appreciably.  Fatigue 
tests  on  welded  joints  established  that  thu  quality 
of  the  weld  resulted  in  greater  variability  than  the 
melting  process  and  that  the  direction  of  the  weld 
did  not  have  much  effect  on  the  fatigue  life.  The 
effect  of  not  machining  away  the  scale  formed  on 
the  surface  of  unwelded  specimens  when  aged  at 
900  F  was  investigated  and  it  was  found  that  the 
notch  effect  resulting  from  the  scale  was  of  a 
similar  magnitude  to  that  obtained  using  weld  speci¬ 
mens.  Size  effect  was  investigated  and  found  to  be 
appreciable.  Corrosion  fatigue  was  investigated 
both  ii  the  usual  manner  and  by  examining  the  effect 
of  coolant  used  in  grinding  entrapped  in  welded 
joints.  The  endurance  of  smooth  specimens  tested 
as  rotating  beams  in  salt  water  gave  an  alternating 
stress  value  for  an  endurance  of  107  cycles  of  only 
t  14,000  psi  compared  with  a  published  value  of 
84,000  psi  in  air.  Cor rosion- fatigue  conditic  .a 
overrode  the  greater  mean  endurance  and  lower 
scatter  encountered  in  the  vacuum-melted  steel. 

Quenched  and  Tempered  Steels 

There  is  one  paper  devoted  solely  to  this 
topic.  (^^^  The  paper  is  very  comprehensive.  The 
history  of  the  development  of  the  steels  is  given 
and  their  properties  are  summarised  under  the 
headings  low  alloy,  n.  dified  die,  and  high  alloy 
(9%Ni,  4%Co).  Some  reference  is  also  made  to  the 
l8%Ni  maraging  steel.  The  effect  of  tempering 
temperature  on  ultimate  tensile  strength,  0.2%  yield 
strength,  elongation,  reduction  of  area,  and  Charpy 
impact  values  of  4  quenched  and  tempered  steels 
with  some  comparative  values  for  t8%Ni  maraging 
steels  are  given  and  it  is  shown  that  for  the  higher 
tempering  temperatures  the  yield/ultimate  ratio  is 
about  0.9,  which  affects  design  concepts  and  manu¬ 
facturing  techniques.  This  value  also  occurs  in 
the  maraging  jteel.  Although  the  Charpy  V  notch 
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test  is  criticised  it  is  useful  when  considering  parts 
subjected  to  high  strain  rates  because  high  strain 
rates  raise  the  ductile-to-brittle  transition  tempera¬ 
ture  and  impact  tests  at  low  temperatures  can  be 
informative.  The  impact  properties  of  HP  9-4-45 
in  the  bainitic  condition  are  outstanding.  This 
superiority  does  not  apply  to  fatigue  properties 
according  to  the  few  results  available.  The  main 
problems  affecting  the  use  of  the  steels  are  low 
level  and  scatter  of  transverse  properties  and 
fatigue  endurance,  poor  impact  properties  (particu¬ 
larly  low  temperature  transverse),  poor  fracture 
toughness,  machining  difficulties,  hydrogen  emhrit- 
tlemer^,  and  stress  corrosion.  The  del  »rious 
effect  on  impurities  is  illustrated  and  the  improve¬ 
ments  derived  from  vacuum  melting.  For  sheet  at 
yield  strengths  of  about  <i00,000  psi,  there  is  little 
Co  choose  between  the  steels  on  the  score  of  notch 
tensile  strength.  Estimates  of  the  flaw  size  that 
can  be  tolerated  at  various  operating  stress  levels 
are  given.  It  is  suggested  that  isothermal  trans¬ 
formation  to  a  lower  bainitc  structure  as  used  for 
the  HP  9-4-X  alloys  or  limiting  tempering  to  the 
end  of  the  first  stage  of  martensite  breakdown 
might  produce  improved  notch  toughness.  About 
hydrogen  embrittlement,  there  is  still  insufficient 
information  about  the  relative  merits  of  various 
steels,  but  it  is  suggested  that  a  teel  with  low 
diffusion  rates  would  have  a  lower  susceptibility 
to  embrittlement.  In  the  machining  field  more  work 
is  needed  on  tapping  and  perhaps  milling.  The 
quenched  and  tempered  steels  available  permit  the 
use  of  design  based  on  yield  strength  values  up 

to  300,000  psi,  but  allowance  would  have  to  be  made 
for  the  ductility  to  be  expected.  To  improve  the 
position,  reseaich  is  needed  into  the  metallurgical 
factors  that  influence  fta  are  toughness.  Three 
main  lines  of  alloy  development  are  recommended, 
i.e,  ,  development  of  alloys  suitable  for  ausforming, 
strengthening  by  precipitation  of  compounds  other 
than  carbides,  and  study  of  isothernial  transforma¬ 
tion  to  lower  baiiute  and  its  effect  on  toughness. 

r  he  rmome  chain  cal  Treatment 

In  the  main  paper^*^^  on  this  subject,  the  author 
recognises  three  types  of  ausforming  involving 
detormation  either  before,  during,  or  after  trans¬ 
formation  of  austenite,  but  the  only  one  discussed 
IS  the  first.  The  response  of  metastable  austenite 
to  deformation  and  the  mechanism  by  which  the  con- 
dit  ion  of  the  striin-hardened  austenite  influences 
the  strength  of  the  final  product  are  examined  and 
support  IS  fo  id  for  the  theory  that  alloy  carbide 
precipitation  ouring  the  austenite  deformation  phase 
IS  a  major  factor  in  the  achieving  of  ullrahigh 
strength.  The  most  effective  carbide  formers  have 
tieeii  found  to  be  molybdenum,  chromium,  and 
vanadium,  and  the  higher  strengths  result  only  if 
the  carbides  are  in  solid  solution  in  the  aistenite. 
The  characteristics  of  ausformed  martensitic 
structures  are  finely  dispersed  deformation- 
produced  precipitate  and  high-dislocation  density, 
the  dislocations  having  been  inherited  from  the 
austenite  and  also  produced  from  the  lattice  shear 
and  dilation  associated  with  the  austenite-martensite 


transformation.  The  controlling  factors  are  carbon 
content,  alloy  composition,  and  conditions  of  de¬ 
formation,  and  the  optimum  combination  of  strength, 
ductility,  and  fracture  toughness  is  the  result  of 
the  maximum  amount  of  deformation  compatible 
with  the  minimum  amount  of  carbon  to  produce  a 
desired  strength  level.  A  significant  increase  in 
strength  is  achieved  by  deformation  exceeding 
about  50  per  cent.  In  another  paper(17),  the  high 
strength  of  ausformed  steels  is  attributed  to  the 
additive  effects  of  four  hardening  mechanisms,  i.e.  , 
a  fine  grain  size  from  the  martensite,  dispersion 
of  alloy  carbides,  a  high  dislocation  density,  and  a 
component  from  solute  elements  in  substitutional 
solid  solution.  Comparing  the  mechanical  proper¬ 
ties  of  ausformed  steels  with  those  of  conventional 
quenched  and  tempered  steels  at  the  same  strength 
level,  the  ausformed  steels  have  superior  fracture 
toughness  and  tend  to  retain  the  50  per  cent  ratio  of 
endurance  limit  to  tensile  strength  at  higher  strength 
levels.  Examples  of  the  use  of  the  steels  are  leaf 
springs,  torsion  bars  and  punches.  A  certain 
cold  heading  punch  in  ausformed  steel  had  three 
times  the  life  of  the  normal  punch  and  had  been  made 
from  steel  containing  about  a  quarter  of  the  alloy 
content  of  the  normal  one.  The  reader  is  warned 
that  the  ausforming  process  is  not  simple.  It  re¬ 
quires  close  control  of  both  temperature  and  de¬ 
formation  and  is  not  the  solution  to  all  high-stren  gth 
steel  problems. 

Strengtheninft  Mechanisms 

The  author  points  outHI)  that  high  strength  in 
steels  is  the  result  of  not  a  single  hardening  mech¬ 
anism,  but  of  combinations  of  mechanisms.  Four 
basic  hardening  mechanisms  are  described,  i.e.  , 
dislocation- dislocation  ,  dislocation- solute  , 
dislocation-dispersed  phase,  and  dislocation-gram 
boundary  interactions.  These  four  can  be  combined 
in  six  different  ways--taking  two  at  a  time--and  in 
four  different  ways  taking  three  at  a  time.  There 
is  also  the  possibility  of  making  all  four  mechanisms 
operate  simultaneouslv.  There  are,  therefore, 
eleven  cases  of  additive  hardening  possible.  .A  br:e! 
discussion  of  the  various  cases  in  relation  to  iron 
and  steel  is  given.  The  most  rffoclive  cumtiin.it  on 
of  three  hardening  mechanisms  is  proba.ily  suhd- 
solution  plus  dispersed  phase  plus  work  hardeninc. 

An  example  nf  additive  hardening  is  hard  drawn 
steel  wire.  In  this  case  contributions  from  work 
hardening,  precipitation  hardening,  soltd-solulion 
strengthening ,  and  a  dispersed  phase  are  dislmct 
possibilities.  The  high  strengths  of  fine  internally 
twinned  high-carbon  martensites  probably  result 
from  three  causes,  i.e.  ,  solid- aulution  hardening 
from  inlersiittal  carbon,  the  substructure  of  mar¬ 
tensite,  and  work  hardening,  ucually  from  the  high- 
dislocation  density  generated  during  the  shear 
transformation.  A  better  understanding  of  the 
reasona  for  the  hardness  of  martensite  is  Iikelv  to 
come  from  a  study  of  the  mechanical  properties 
and  microstructure  of  iron-mtrogen  alloys.  Work 
on  secondary  hardening  of  vano.  iium  steels  shows 
that  factors  that  tend  to  increase  still  lurther  the 
dislocation  density  after  the  qui  iich  would  enhance 
the  hardening  response. 
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HIGH-STRENGTH  STEEL  PERSPECTIVES 
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INTRODUCTION 

Man  received  his  introduction  to  iron  some 
4,000  years  ago,  and  on  the  basis  of  the  tenuous 
acquaintanceship  which  developed,  this  element 
took  its  place  among  the  seven  metals  of  antiquity. 
However,  to  the  ancients  iron  remained  an  enigma. 
Sometimes,  it  could  be  whetted  to  an  edge  of 
amazing  keenness,  and  the  metal  was  notably 
stronger  than  the  best  bronzes;  at  other  times,  it 
was  as  soft  as  copper,  and  occasionally  as  brittle 
as  glass.  As  a  consequence,  no  sustained  use  '•as 
made  of  iron  in  the  early  days  of  metallurgy. 

It  was  not  until  the  19th  century,  nearly  four 
millenia  later,  that  significant  strides  were  made 
toward  understanding  this  intractable  metal.  It 
was  not  until  then  that  the  turbulent  liaison  between 
iron  and  carbon  was  recognized.  Unknowingly,  the 
ancient  as  well  as  the  medieval  iron  worker  had 
been  struggling  at  cne  time  with  one  offspring,  and 
at  another  time  witli  a  different  offspring  of  that 
alliance.  Occasior ally,  the  early  metalworker 
dealt  wich  alloys  of  iron  and  nickel  obtained  in  the 
form  of  meteorites. 

It  took  the  development  of  analytical  chemistry, 
the  metallurgical  microscope,  and  the  dilatometer 
to  get  the  job  of  comprehending  the  metal,  iron, 
underway.  Once  an  understanding  dawned,  ferrous 
metallurgy  surged  forward  and  rapidly  evolved 
from  art  to  science.  In  the  brief  period  since  the 
days  of  RCaumur,  Sorby,  and  Osmond,  and  the 
birth  of  metallography,  iron  and  its  alloys  have 
become  thoroughly  estabhshed  among  mankind's 
essential  materials. 

At  the  beginning  of  this  period,  the  principal 
ferrous  materials  obtainable  were  cast  iron, 
wrought  iron,  cement  steel,  and  crucible  steel. 
Today,  scarcely  100  years  later,  several  thousand 
steels  and  other  alloys  are  available  to  fill  a 
myriad  of  diverse  applications.  Iron  has  proved 
itself  to  be  an  extremely  versatile  metal,  and  its 
alloys  display  innumerable  combinations  of  proper¬ 
ties,  Perhaps  it  is  the  very  intractability  of  this 
metal  that  accounts  for  its  versatility.  In  any 
event,  it  comes  as  no  surprise  that  iron  has 
responded  and  continues  to  respond,  with  outstand¬ 
ing  effectiveness,  to  the  ever-incrcasing  demand 
for  materials  of  higher  and  higher  strength. 

The  manner  in  which  ferrous  materials  have 
answered  the  call  for  high  strength  in  structural 
applications  is  indicated  in  Figure  1.  An  incautious 
extrapolation  of  the  upper  curve  in  the  figure  would 
suggest  a  truly  remarkable  future  for  iron-base  al¬ 
lays  as  structural  materials!  Nonetheless,  the 
facts  are  that  by  IBSO  wrought  iron,  with  a  yield 
point  in  the  rarvge  of  )0,000  psi,  had  esUbltshed 
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itself  as  an  important  structural  material  for 
rugged  service.  A  few  decades  later  ,  with  the 
advent  of  the  Bessemer  and  open-hearth  processes, 
mild  steel  emerged  as  a  structural  material  and 
usable  yield  strengths  increased.  After  World  War 
1,  quenched-and-tempered  steels  made  a  timid 
debut  into  structural  applications  at  some  80,000- 
psi  yield  strength.  By  the  mid  1950’s,  massive 
structures  were  being  assembled  from  steels  heat 
treated  to  yield  strengths  as  high  as  115,000  psi. 


FIGURE  I.  INCREASE  IN  THE  YIELD  STRENGTH 
OF  STEELS  USED  IN  STRUCTURAL  APPLICA¬ 
TIONS  DURING  THE  YEARS  SINCE  1850 

In  the  meantime,  tt>ward  the  close  of  World 
War  1,  quench«d-and-tempered  steels  began  to  be 
used  in  a  different  type  of  structural  application 
calling  for  the  ultimate  in  performance  and  relia¬ 
bility.  An  early  application  of  this  type  was  com¬ 
ponents  for  airplane  engines,  the  steels  being  heat 
treated  to  yield  strengUis  of  some  100,000  pei.  By 
1945  steels  were  being  used  in  critical  airframe 
applications  at  yield  strengths  in  the  order  of 
170,000  psi.  Today,  a  number  of  low-alloy  and 
other  types  of  steel  find  speci  ..ised  structural  ap¬ 
plications  at  yield  strengths  of  160,000  to  as  high 
as  )0O,C00  psi. 
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Thus,  in  the  115-year  span  since  1A50,  the 
usable  yield  strength  of  steels  in  all  kinds  of 
structural  applications  has  increased  approximate¬ 
ly  tenfold. 

Ultrastrong  Steels  Currently  in  Use 

If  the  steels  of  interest  to  the  present  discus¬ 
sion  are  defined  as  those  which  are  useful  in 
structural  applications  at  yield  strengths  of 
225,000  psi  and  above,  then  several  families  en¬ 
compassing  SOI  '.e  100  individual  steels  fill  the  bill. 
The  first  family  to  have  members  meeting  this 
definition  are  tht  medium-carbon  low-alloy 
quenched-and-ten.pered  steels.  In  the  U.  S.  ,  the 
progenitor  of  this  family  was  the  chromium- 
molybdenum  steel,  AISI  4130.  This  alloy  was  soon 
followed  by  the  chromium -nickel-molybdenum 
steel,  AISI  4340,  which  came  into  use  where 
greater  strength  in  thicker  sections  than  could  be 
handled  by  AISI  4130  was  required.  Numerous 
modifications  of  both  of  these  types  of  steel  have 
been  developed.  The  purpose  usually  has  been  to 
increase  toughness  at  very  high  strength  levels 
and  to  improve  weldability.  The  modifications 
have  generally  taken  such  forms  as  increasing 
the  silicon  content  to  avoid  50C  F  embrittlement 
on  tempering  at  low  temperatures  to  achieve  ultra- 
high  strength;  adding  vanadium  to  promote  tough¬ 
ness;  consumable-electrode  vacuum-arc  remeltii^ 
to  reduce  gas  content,  disperse  oonmelallic  inclu¬ 
sions,  and  increase  homogeneity,  thereby  improv¬ 
ing  toughness  and  tra*'sverse  ductility;  reducing 
the  sulfur  and  phosphorus  contents  for  the  same 
reasons;  and  lowering  the  carbon  content  slightly 
to  improve  welding  characteristics  as  well  as 
toughness. 

In  addition,  as  shown  in  Table  I,  nickel- 
molybdenum  and  nickel-silicon-molybdenum  steels, 
together  with  vanadium  modifications  thereof, 
have  been  developed  for  use  at  ultrahigh  strength 
levels.  At  the  same  time,  a  strong  multi-faceted 
program  on  quenched-and-tempered  uUrahigh- 
strength  steels  has  been  in  progress  for  many 
years  in  the  U.  K.  Both  wrought  and  cast  steels 
are  encompassed.  Of  particular  interest  has  been 
the  emergence  from  this  effort  of  the  copper- 
k'ilicon-molybdenum-vanadium  type  of  steel. 

Another  family  of  steels  which  have  found  ap¬ 
plication  in  the  ultrahigh -strength  structural  field 
arc  the  5  per  cent  chromium-molybdenum-vanadium 
steels.  These  medium-alloy  air-hardening  steels 
are,  in  essence,  aircraft -quality  versions  of  the 
familiar  chromium  hot -work  die  steels  adapted  to 
structural  applications  end  now  available  in  sheet, 
strip,  and  other  forms  quite  foreign  to  too!  and 
die  usage.  The  individual  members  of  this  family 
are,  for  the  most  part,  proprieUry  and  display 
considerable  diversity  of  composition.  Hewever, 
most  of  them  approximate  to  the  composition  of 
AISI  Types  H-ll  or  H-13.  VaHsnts  of  these 
steels  are  under  study  in  Canada. 


TABLE  1.  TYPES  OF  ULTRAHIGH-STRENGTH 
LOW-ALLOY  QUENCHED-AND-TEMPEREr 
STEELS 


Chromium-Molybdenum 
Cbromium-Nickel-Molybdenum 
Increased  Silicon 
Plus  Vanadium 
Nickel-Molybdenum 
Plus  Vanadium 
Nickel-Silicon-Molybdenum 
Plus  Vanadium 

Copper-Silicon-Molybdenum-Vanadium 


Several  families  of  stainless  steel,  as 
enumerated  in  Table  2,  have  members  capable  of 
being  used  at  ultrahigh  strength  levels.  Included 
are  martensitic  chromium  steels  of  the  AISI  410 
and  420  types,  martensitic  low-nickel  chromium 
steels  of  the  AISI  431  type,  as  well  as  age- 
hardenable  martensitic  stainless  steels.  The  last- 
named  are  characterised  by  relatively  low  carbon 
contents  which  improve  their  weldability  and  the 
addition  of  such  elements  as  copper,  columbium, 
titanium,  aluminum,  and  molybdenum  which  ren¬ 
der  them  age  hardenable.  One  martensitic  stain¬ 
less  steel,  known  as  AFC  77  and  now  becoming 
commercially  available,  contains  considerable 
cobalt  along  with  molybdenum  and  vanadium.  This 
steel  has  outstanding  strength  at  temperatures  as 
high  as  1200  F.  Included  also  are  cold-rolled 
austenitic  stainless  steels.  The  earliest  of  these  in 
the  U.  S.  was  the  17  per  cent  chromium-7  per 
cent  nickel  type  carrying]  the  designation,  AISI  301. 
Some  of  the  newer  types  contain  as  much  as  15  per 
cent  manganese  together  with  other  elements  such 
as  nitrogen,  molybdenum,  and  vanadium.  Finally, 
there  are  the  semiaustenitic  stainless  steels.  The 
compositions  of  these  steels  are  so  balanced  cr  to 
render  them  austenitic  as  annealed  and  martensitic 
through  refrigeration  or  through  alteration  of  Ute 
matrix  composition  by  the  precipitation  of  some 
compound  (such  as  a  chrontium  carbide)  or.  heating 
at  intermediate  temperatures.  A  number  of  these 
steels  contain  such  elements  as  aluminum  and 
molybdenum  which  promote  age  nardening. 

TABLE  2.  HIGH-STRENGTH  STAINLESS  STEELS 


Martensitic 

Chronatum 

Chromium,  Low  Nickel 
Age  Hardenable 
Cold-Rolled  Austenitic 
Chromium-Kicket 
Chromium-Nickel -Manganese 
High  Manganese 
Semiaustenitic 


Among  the  various  types  of  high»alloy  steels 
in  existence,  two  families  have  emerged  which 
include  members  developed  expressly  for  struc¬ 
tural  applications  at  yield  strength  levels  above 
225,000  psi.  One  family  comprises  the  high- 
nickel  "maraging"  steels  introduced  a  few  years 
ago  by  The  International  Nickel  Company,  Inc. 
Several  18  per  cent  nickel  variants  within  this 
family,  which  also  contain  substantial  additions  of 
cobalt,  molybdenum,  and  titanium,  have  recently 
achieved  the  status  of  full  commercial  availability. 
Because  of  their  extra  low  carbon  content  and  their 
high  nickel  content,  these  steels  are  martensitic 
as  annealed,  but  the  martensite  is  quite  tough  and 
ductile  and,  hence,  is  ameiuble  to  forming,  weld¬ 
ing,  and  machining  operations.  In  spite  of  its  low 
carbon  content,  the  martensitic  structure  of  these 
steels  is  quite  strong,  having  a  yield  strength  in 
the  order  of  100,000  psi.  A  simple  aging  treat¬ 
ment  at  moderate  temperatures  brings  about  a 
tremendous  increase  in  strength.  Depending  on 
th^  steel's  composition,  an  increment  in  yield 
strength  of  as  much  as  200,000  psi  can  be  obtained 
on  aging. 

The  other  family  of  high-alloy  steels  designed 
for  ultrahigh-strength  service  was  developed  by 
Republic  Steel  Corporation.  Known  as  9Ni-4Co 
steels,  they  are  hardened  by  quenching  and  temper¬ 
ing.  One  grade,  containing  nominally  0.25  per 
cent  carbon,  is  designed  for  use  at  yield  strengths 
up  to  about  200,000  psi.  Another  grade,  with  a 
nominal  carbon  content  of  0.45  ner  cent,  was 
developed  for  use  at  yield  strength  levels  in  the 
order  of  250,000  psi. 

In  Table  3,  an  attempt  is  made  to  highlight 
the  farthest  advances,  from  the  standpoint  of 
smooth-bar  stisngth,  that  have  been  made  to  date 
in  the  actual  application  of  ultrahigh-strength 
steels  to  structural  uses.  In  the  table,  the  steels 
are  treated  by  family,  and  the  data  presented  are 
necessarily  rather  approximate,  as  the  <ntent  is 
to  be  indicative  rather  than  definitive.  The  forms 
in  which  the  low-alloy  and  5Cr-Mo-V  steels  are 
usually  used  are  sheet,  strip,  bar  stock,  and 
forgings.  The  martensitic  s'.AinIcss  and  the  age- 
haidsnable  variettrs  of  this  type  of  steel  are 
frequently  used  in  the  form  of  sheet,  strip,  small 
forgings,  bar  stock,  and  small  castings.  Usage  of 
the  cold-rolled  stainless  steels  is  confined  to 
sheet,  *trip.  and  foil.  The  semiaustenitic  stain¬ 
less  steels  are  generally  emplo>ed  in  the  form  of 
sheet  and  bar  stock.  The  high-nickel  maraging 
steels  find  application  usually  i:t  the  ioim  of 
forgings,  bar  stock,  sheet,  and  plate. 

The  plai'i  high-carbon  steels  were  not  in¬ 
cluded  in  the  tabte.  However,  for  years  these 
steels,  in  the  form  of  heavily  cold-worked  raaor- 
blade  strip  and  music  wire,  have  achieved  the 
highest  strengths  of  any  commercially  available 
material.  Tensile  strengths  up  to  600,000  psi  are 
obtaMvable  .n  these  materials.  In  earlier  years, 
steels  in  such  Inrms  would  not  have  been  thought 


of  for  ultrahigh-strength  structural  applications. 
However,  with  the  development  of  virrapping  tech¬ 
niques  for  the  manufacture  of  rocket-motor  cases 
and  the  reinforcement  of  cylinders  and  other  pres¬ 
sure  vessels,  such  materials  come  in  for  serious 
consideration. 


TABLE  i,  APPROXIMATE  UPPER  LIMIT  OF  STRENGTH  AT  WHICH 
STEELS  ARE  US'^U  TODAY 


Type  of  St^^l 

Yield 
Strength , 
psi 

UliimAte 
Tensile 
Strength , 

DSl 

AppliCdCiori 

Low  Alloy 

:50,ooo 

300.000 

LAnding'gesr  components 

5rr-Mo-V 

J40.00P 

:‘50,ooo 

Airtrsme  structursi  *nd 
landing'geAr  cert  ponents 

MArtengitic  ttAinletA 

IbO.OOO 

140,000 

Belts  And  high-sheAr 
rivets 

Ag«*hArdenAble  mAr> 
tengitic  sCAinle«» 

170,000 

190,000 

ClA.'nps  And  brAckets 

Cold-rolled  Auiten- 
itic  AtAinlegs  tteel 

180,000 

:oo,ooo 

Liqatd-propellAnt  missile 

tAnkAge 

SemiAagfemtic 

htAinleii  Steel 

:.i0,000 

135,000 

Honeycomb  structures 

IdNi  mArAfing  steel 

:'55.ooo 

300,000 

PAsteners  And  shAtts 

Current  Applications 

Thus,  some  eight  or  nine  families  of  steels 
have  become  available  for  ultrahigh-strength  ap¬ 
plications,  At  the  same  time,  during  the  past  few 
years  the  number  of  applications  calling  for 
ultrahigh  strength  has  mounted.  Several  hundred 
can  probably  he  catalogued.  It  is  axiomatic  that 
these  applications  feat'.ue  extremely  nigh  strength- 
to-density  ratios  as  a  requirement.  In  many  in¬ 
stances,  such  as  airframe  and  rocket-motor-case 
applications,  vitally  important  weight  savings  are 
brought  about  by  using  ultrahigh-strength  steels. 

In  other  cases,  ultrahigh-strength  steels  are  used 
to  reduce  the  bulk  of  the  component  to  meet  space 
requirements.  This  is  always  a  consideration  when 
equipment  must  fit  inside  an  envelope  of  fixed  sise. 
Another  extremely  important  reason  for  selecting 
steel  is  cost.  Steels  have  lively  competition  in 
mechanical  and  other  properties  from  numerous 
other  materials.  However,  where  the  disparity  is 
not  vital,  steel  often  wins  the  day  on  the  basis  oi 
costs.  I'he  mill  products  may  be  less  expensive 
and  the  cost  of  fabrication  and  construction  may  be 
Ivss.  As  an  example,  costs  have  figured  strongly 
in  the  choice  of  steels  for  large-sised  rocket 
boosters. 

Another  advantage  in  using  ultrahigh-strength 
steels  in  movable  structures  is  the  reduced  inertia 
which  accompanies  the  resulting  decrease  in  weight. 
This  ie  an  important  factor  in  rotating  or  recipro¬ 
cating  mechanisms  such  as  pumps,  engines,  actua¬ 
tors,  and  valves.  Finally,  in  such  applicalions  as 


components  of  pervomechamsms,  the  'ligh  hard¬ 
ness  which  accompanies  high  strength  promotes 
essential  wear  resistance.  The  advantages  of 
ultrahigh-strength  steels  are  listed  in  Table  4. 

TABLE  4,  ADVANTAGES  OF  T^LT.  AHIGH- 
STRE.  IGTH  STEELS 


Weight  Savings 
Reduction  of  Bulk 
Cost  Savings 
Decreased  Inertia 
Improved  Wear  Resistance 


The  low-alloy  quenched-and-tempered  steels 
are  particula'  ly  attractive  because  they  are  well 
known,  are  j'oderatein  coat,  and  have  high 
hardenability  making  them  suited  to  use  in  thick 
sectic"')',  A  few  of  their  ultrahigh-strength  appli¬ 
cations  are  solid-propellant  ror.ket-motor  cases; 
gun  tubes  and  breach  blocks;  bolts,  pins,  fittings, 
and  structural  components  for  aircraft;  arresting 
hooks  for  naval  aircraft;  and  axles,  gears,  and 
shafts  of  many  kinds.  The  use  of  this  type  of 
steel  for  aircraft  landing'^ear  components  s  illus¬ 
trated  in  Figure  2,  which  s'  ows  the  main  landing 
gear  for  the  B-58  supersonic  bomber.  The  strut 
is  a  modified  AISl  4340  chromium-nickel-molyb- 
denum  type  steel  heat  treated  to  about  200,00(Lpsi 
yield  strength  (about  22'',000-pai  ultimate  tensile 
strength);  the  links,  axles,  and  piston  are  the  same 
steel  heat  treated  to  the  level  of  about  235,000»psi 
yield  strength  (about  280,000»psi  ultimate  tensile 
strength).  The  components  depicted  arc  machined 
forgings.  Figure  3  shows  a  naval  aircraft  equipped 
with  an  ultrahigh-strength  low-alloy  steel  arrest¬ 
ing  hook. 

The  usage  of  the  aCr-Mo-V  type  of  steel  as 
an  ultrahigh-strength  structural  material  is  some¬ 
what  similar  to  that  of  the  low-alloy  steels.  A 
feature  of  this  type  of  steel  is  its  capability  to  be 
air  hardened  which  minimises  the  buildup  of 
n  <«idual  ^Iresaes  in  heat  treatment.  An  example 
o*  tne  use  of  thir  kind  of  steel  for  airfrsme  struc¬ 
tural  cnmponcn:*  is  the  fuselage  frame  for  the  AH 
attack  bomber  shown  in  Hguie  4.  This  component 
IS  built  up  from  0.  08C-inch-thtck  sheet  heat  treated 
to  about  23S,OOO^si  yield  strength  (about  280,000- 
psr  ultimate  tensile  strength).  Another  example  is 
the  main  landing^gear  beam  and  brake  housing  fur 
the  XB-70  supersonic  research  bomber  illustrated 
In  rtgure  S.  As  a  rough  forging  this  component 
weighed  18, COO  lbs;  its  finish-machined  weight  is 
9.316  lbs.  The  component  is  heat  treated  to  a 
level  of  about  240,000-psi  yield  strength  (i.  e.  , 
290,000-psi  ultimate  tensile  strength). 


FIGURE  2.  MAIN  LANDING  GEAR  FOR  THE  B-58 
BOMBER 

Strut,  piston,  links,  and  axles  are  ultrahigh- 
atrength  low-alloy  steel. 


The  martensitic  stainless  steels  arc  used  in 
many  smalt  aircraft  parts  such  ss  brackets, 
clamps,  high-shesr  rivets,  snd  bolts,  as  well  ?s 
in  targe  forgings  snd  sheet-metal  components 
whore  a  measure  of  corrosion  resistance  is  desired. 


nCURE  3.  NAVAL  AIRCRAFT  EQUIPPED  WITH 
AN  ULTRAHIGH-STRENGTH  LOW- 
ALLOY  STEEL  ARRESTING  HOOK 


m 


^fraenK 


FIGURE  4.  FUSELAGE  FRAME  FOR  THE  A3J 
ATTACK  BOMBER 
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Constructed  of  5Cr-Mo-V  steel. 
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FIGURE  6.  B-58  ENGINE  MOUNT  MADE  OF  AGE- 

HARD  ENABLE  MARTENSITIC 
STAINLESS  STEEL 
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FIGURE  5.  MAIN  LANDING-GEAR  BEAM  AND 
BRAKE  HOUSING  FOR  THE  XB-70 

A  '>.316-10  forging  of  5Cr-Mo-V  steel 
heat  treated  to  290,000-psi  tensile 
strength. 
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Figure  6  shows  the  use  of  an  ag«-ha rdening 
martcnsiti'-  stainless  steel  for  the  engine  mounts 
of  the  B-S8.  The  cold-rolled  austenitic  sta:n- 


riGURX  7.  AGE-HARDENABLE  SEMIAUST ENITK 


less  steels  tind  such  ult  rahigh-st  rength  usage  as 
skun  for  liquid  fueled  miss'lec  and  tanks  for  fuel 
and  oxidisers.  Examples  of  appli  ation'  for  the 
semiaustenitic  stainless  steels  are  stiffeners, 
interior  frames,  bulkheads,  and  longerons  for 
aircraft,  sandwich  and  honeycomb  structure,  skin, 
tanks,  and  ducts  for  aircraft,  txiat  shafts  and 
nu^lean-reactor  components.  In  the  form  of  honey¬ 
comb  stiucture,  an  example  of  which  is  shown  in 
Figure  7,  outstanding  applications  include  skin  for 
the  XB-70  and  the  corrunand  module  of  Apollo. 


STAINLESS  STEEL  HONEYCOMB 
ASSEMBLY 

In  che  short  tinie  since  their  introdiactior  ,  the 
18  per  cent  nickel  maraging  steels  have  developed 
a  conside raf'’"  spectrum  of  applicatior.!i.  One  of  the 
principal  advantages  of  these  steels  is  that  the  sim¬ 
ple  heat  treatment,  following  forming  and  machin¬ 
ing,  causes  virtually  no  distortion  r.or  dimensional 
changes.  Tnis  means  that  they  can  be  finish 
machined  in  the  soft  condition.  Thus,  these  steels 


1 


6 


are  idoal  for  v^trastrong  high-precision  parts. 

And  it  IS  in  this  type  or  usage  that  they  will  prob¬ 
ably  find  their  most  sustaining  applications.  An 
example  of  such  an  application  is  the  spline 
shown  in  Figure  8,  In  addition,  these  steels  have 
been  selected  for  large-diameter  solid-propellant 
rocket-motor  cases  of  156-inch  and  Z60-inch 
diameter  because  of  their  weldability  and  the  fact 
that,  by  simple  local  heat  treatment,  the  welded 
joint  can  be  made  about  as  strong  as  the  parent 
metal.  The  successful  static  firing  of  a  156-inch- 
diameter  rocket  motor,  constructed  frcm  the  grade 
which  develops  Z50,000-psi  yield  strength,  is 
shown  in  Figure  9.  The  motor  was  assembled 
from  segments  which  had  been  made  by  rolling  and 
wel  ling  3/8-inch-tiiick  plate. 

A  usage  pattern  has  not  yet  been  established 
the  9Ni-4Co  type  of  steel.  However,  these 
steels  are  currently  being  evaluated  for  such  ap¬ 
plications  as  components  of  special  automotive 
equipment,  gun  tubes,  hydrofoil  components,  air¬ 
craft  landing -gea r  parts,  and  large-sized  rocket- 
motor  cases. 

Potentialities  and  Limitations 

The  intent  of  the  foregoing  discussion  has  been 
to  indicate  the  advances  which  have  been  made  to 
date  in  the  actual  utilization  ultrahit, h-strength 
steels.  However,  it  should  be  noted  that  each 
family  of  steels  discussed  has  members  which  can 
be,  and  have  ^etn,  so  treated  as  to  display  yield 
and  ultimate  tensile  strengths  considerably  in 
excess  of  the  levels  used  today  in  practice  and 
shci  ivn  in  Table  3., 

An  indication  of  currently  obtainable  smooth- 
bar  strength  i'’vtlu  is  gi\'  n  n  Table  5,  For  most 
of  the  families  of  steels,  two  sets  of  strength 
v  ihir-  are  shown  in  the  table,  One  set  corresponds 
*o  treating  practices  which  are  commercially  feasi- 
b’  ■  at  tne  present  time  (principally  featuring  quench¬ 
ing  and  tempering),  while  the  other  set  is  indicative 


FIGURE  8.  FLEXIBLE  ERIVE  SHAFT  FOR  THE 
B-47  JET  BOMBER  MADE  OF  l5Ni 
(^50)  MARAGING  STEEL 


cf  the  strength  obtainable  through  the  'ise  of  proce¬ 
dures  most  of  which  are  presently  considered 
exotic;  nameiy,  various  thermal-mechanical  treat- 
'<5,  Th<  .  .  ingth  le'  ’  t,  resulting  from  the 
latter  type  of  treatments  are  significantly  higher 
than  those  produced  by  the  former. 

In.  Table  5,  tensile  strengths  over  500,000  psi 
are  recorded  for  steels  treated  by  unconventional 
procedures.  Not  shown  in  the  table  is  the  figure  of 
600,000-ps)  ultimate  tensile  strength  obtainable  in 
plain  high-carbon  steel  wire.  .\dd  to  this  the  figure 
of  1.9  million  psi  reported  to  have  been  obtained  as 
the  tensile  strength  of  an  iron  whisker.  Taken  to¬ 
gether,  these  sets  of  figures  suggest  a  potential  for 
ferrous  materials,  in  terms  of  smooth-bar  strength, 
far  beyond  the  levels  being  realized  in  practic 
today. 

On  the  other  hand,  when  Table  5  is  compared 
with  Table  3,  it  is  clear  that  most  of  ihe  ultrahigh- 
strength  steels  are  being  employed  at  strength 
levels  noticeably  lower  th,...  those  achievable  even 
by  ordinary  me  'lods  of  processing  and  treating. 

The  low-alloy  semiausteaitic  and  niaraging  steels 
should  probably  be  considered  as  an  exception  to 
this  observation.  In  some  applications,  they  are 
now  being  used  at ,  c  r  near,  the  limit  of  strength 
obtainable  by  standa,  procedures. 


FIGURE  9.  .STATIC  FIRING  OF  Ibb-INCH- 
DIAMETER  SOLID- FUEL  ED 
ROCKET  MOTOR 


The  segments  are  18.Ni  (<1501  managing 
steel. 
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TABLE  5.  APPROXIMATE  UPPER  LIMI  i  OF  STRENGTH  CURRENTLY  OBTAINED  IN  STEELS  BY 
STANDARD  AND  BY  UNUSUAL  PROCEDURES 


Type  of  Steel 

Yield 

Strength, 

psi 

Ultimate 
Tensile 
Strength , 
pai 

Comments^^) 

Low  alloy 

265,000 

405,000 

330,000 

415,000 

Q  +  Ti 

Cu-Si-Mo-V  Steel  -  DMA  +  Q  +  Tj 

High  Si  AISI  4340  -  DMA  +  Q  +  T1+S+T2 

5Cr-Mo-V 

250,000 

395,000 

325,000 

410,000 

Q  +  Tj 

S  +  T2 

Martensitic  stainless 

225,000 

256,000 

300,000 

271,000 

Subzero  Q  +  T  j  +  T^ 

AISI  410  -  DMA  +  Q  +  Deformation  on  Tempering 

Age-hard  enable  mar¬ 
tensitic  stainless 

230,000 

275,000 

290,000 

345,000 

AFC  77  Subzero  Q  +  double  T  at  HOC  F  +  double  T 
at  1000  F 

AFC  77  cold  rolled  50%  +  Tj 

Cold-rolled  austenitic 
stainless  steel 

268,000 

295,000 

288,000 

300,000 

17-5  MNV  cold  rolled  60% 

AISI  301  stretch  formed  at  cryogenic  temperatures 

Semiaustenitic  stainless 
steel 

220,000 

350,000 

235,000 

372,000 

PH15-7MO  subzero  cooled  and  aged 

AM- 355  strip  rolled  at  cryogenic  temperatures  and 
aged 

18Ni  niaraging  steel 

295,000 

340,000 

300,000 

345,000 

Annealed  and  aged 

Cold-rolled  and  aged 

9Ni-4Co(‘>) 

265,000 

400,000 

315,000 

420,000 

Q  +  T 

DMA  +  Q  +  T1  +  S+T2 

0.66C-5Ni<^> 

520,000 

526,000 

DMA  +  Q  +  Ti  +  S  T^ 

(a)  Q  s  Quenched;  T^  s  Tempered;  DMA  •  Deformed  in  the  temperature  range  in  which  austenite  is  meta¬ 
stable;  S  -  Strained;  T2  ’*  Retempered. 

(b)  Has  just  become  commercially  available. 

(c)  An  experimental  steel. 


The  discrepancy  between  the  strength  levels 
now  possible  with  current  commercial  procedures 
and  those  actually  used  in  practice  may  usually  be 
attributed  to  one  or  more  cf  the  factors  shown  in 
Table  6,  One  universally  prevalent  factor  is  the 
fart  that  the  mechanical  properties  of  a  steel  can¬ 
not  be  defined  by  a  .  *ries  of  single  ues  but  must 
be  described  ir  terms  of  scatter  ban  Practical¬ 
ity  calls  for  l  ie  of  the  lower  portions  of  these 
banas  in  establishing  performance  specifications. 

In  this  way,  strength  values  mry  be  adopted  which 
are  considerably  lower  than  the  obtainable  maxima. 

Another  limiting  factor  is  fracture  toughness 
or  notch  strength,  i.  e.  ,  the  ability  of  a  material 
to  sustain  a  load  successfully  in  the  presence  of  a 
sharp  stress-raising  notch  or  defect.  Ihe  rcla- 
tienship  between  smooth-bar  strength  and  notch 
strength  for  iron  alloys  can  be  expressed  sche¬ 
matically  by  the  curve  in  Figure  10.  While  notch 
strengthening  tends  to  occur  at  the  lower  strength 
levels.  It  is  clear  that  at  higher  strengths  the 
tend  ency  is  for  notch  toughness  to  decrease  with 
increasing  smooth-bar  strength.  Cf  course,  be¬ 
cause  steels  differ  with  respect  to  notch  sensitiv¬ 
ity  ,  no  two  steels  could  be  represented  by  exactly 
the  same  curve. 


TABLE  6.  LIMITATIONS  OF  ULTRASTRONG 
STEELS 


Reproducibility  of  Mechanical  Properties 

Fracture  Toughness 

Flaws  in  Mill  Products 

Nondestructive  Inspection  Techniques 

Fatigue  Resistance 

Corrosion  Fatigue 

Gvneral  Corrosion 

Stress-Corrosion  Cracking 

Hydrogen-Stress  Cracking 

Joining 


Notch  toughness  tends  to  converge  along  with 
two  other  factors  to  limit  the  strength  level  at  which 
the  material  can  be  used  with  confidence.  One  of 
these  factors  is  the  fact  that  materials  and  struc¬ 
tures  as  yet  fall  short  of  perfection,  and  hence, 
they  tend  to  contain  stress-raising  defects.  The 
other  factor  is  that  current  nondestructive- 
inspection  techniques  have  limtations  with  respect 
to  their  ability  to  detect  and  identify  small  defects. 
Thus,  it  happens  that  a  structure  may  contain 
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FIGURE  10.  SCHEMATIC  REPRESENTATION  OF 
THE  RELATIONSHIP  BETWEEN 
NOTCH  STRENGTH  AND  SMOOTH- 
BAR  TENSILE  STRENGTH 

defects  too  large  to  be  tolerated  but  too  small  to  be 
detected,  «o  they  can  be  removed.  The  only  way 
out  of  thi*  dilemma,  which  ia  available  at  the 
moment,  is  to  reduce  the  strength  level  at  which 
the  steel  ia  used,  and  in  this  way,  increase  the 
allowable  defect  size  to  the  point  of  detectability. 

Resistance  to  fatigue  is  another  factor  which 
may  limit  the  usefulness  of  steels  at  ultrahi  gh 
strength  levels.  Endurance  limits  are  seldom 
more  than  half  the  ultimate  tensile  strength  .■* 
best.  Moreover,  the  ratio  of  endurance  limit  to 
tensile  strength  decreases  markedly  as  ulti.  late 
tensile  strength  rises  abov«  some  ZOO, 000  psi. 
a^hrn  the  factor  ofcorrorion  is  added  to  that  of 
cyclic  stressing,  endurance  limits  disappear  al- 
logethe  r. 

Susceptibility  to  corrosive  attack  can  certain¬ 
ly  *  "  considered  as  a  limiting  factor.  High- 
strength  steels,  1  icluding  the  stainless  varieties, 
are  subject  to  a.tack  in  numerous  commonly  en¬ 
countered  media.  The  stainless  steels,  of  course, 
are  corroded  in  fewer  environments,  bat  on  the 
other  hand,  they  are  quite  susceptible  to  stress- 
corrosion  cracking.  The  nonstainless  steels  also 
are  subject  to  stress-corrosion  cracking  in  a 
variety  of  environments. 

Another  factor  to  be  taken  into  consideration 
IS  hydrogen-stress  cracking.  Hydrogen  may  be 
introduced  into  steel  during  melting,  mill  proces¬ 
sing,  electroplating  operations,  corrosion,  or  in 
connection  wi*h  galvanic  protection.  Hydrogen- 
stress  cracking  is  a  problem  to  be  reckoned  with 


when  yield  strengths  exceed  approximately  70,000 
psi. 

Finally,  attention  must  be  called  to  the  fact 
that  joining  tends  to  be  a  problem  with  ultrahigh- 
strength  steels.  Methods  frequently  used  to  join 
such  steels  are  brazing  and  welding.  Both  invite 
dimensional  changes,  distortion,  embrittlement, 
and  the  accumulation  of  unwanted  internal  stresses. 
In  addition,  there  is  the  ever-present  problem  of 
making  a  joint  which  realizes  the  strength  and 
.'fracture  toughness  of  the  parent  metal. 

The  list  of  limitations  and  problems  involved 
in  using  steels  at  ultrahigh  strength  levels  is 
formidable,  to  say  the  least.  And  it  might  be  argued 
that  the  ferrous  metallurgist  should  be  satisfied  wi*^h 
the  very  creditable  record  already  posted  by  steel, 
and  that  the  better  part  of  valor  it,  to  leave  well 
enough  alone.  Were  it  not  for  three  factors,  the 
assumption  of  cr'-h  a  posture  n.fght  be  quite  com¬ 
mendable.  The  first  factor  which  miiitates  against 
this  position  is  the  steady  and  insistent  demand  for 
constructional  materials  of  ever-increased  capabil¬ 
ities. 

Another  factor  i:  that  when  other  mater:als 
are  employed  in  high-pen .'rmance  applications,  a 
host  of  problem, s  also  arises.  Frequently,  the 
problems  plaguing  othc-r  m.aterials  are  more  sever'' 
than  those  encountered  with  the  various  steels.  All 
the  above-mentioned  problem ^  wh  ch  limit  the  appi- 
cability  of  steels,  together  w>ih  some  additional  ones 
ones,  are  operative  to  a  greater  or  lesser  degree 
with  other  materials.  Some  materials,  such  as 
glass-fiber-reinforced  plastics,  may  have  higher 
strength-to-density  ratios  and  better  corrosion 
resistance  but  have  low  moduli  of  elasticity  or  poor 
compressive  strength.  Some  materials  may  have 
desirably  high  strength,  high  fracture  toughn'SK, 

!jw  i!'Ti8ily,  and  good  corrosion  resistance,  bv.t 
also  may  be  expensive,  difficult  to  fabricate,  and 
troublesome  to  join.  Titanium  alloys  tend  to  be  in 
this  category,  Othe-  materials,  such  as  glass,  may 
have  excellent  compressive  strength,  low  density, 
and  exceptional  corrosion  resistance,  but  are 
extraordinarily  sensitiv-  to  the  presence  of  stress- 
raising  defects  and  discontinuities  and  are  .ilinost 
completely  devoid  of  plasticity.  Still  other  materi¬ 
als,  such  as  aluminum  and  magnesium  alloys,  may 
lack  elevated-temperature  strength,  or  like  the 
refractory  metals,  they  msy  be  extremely  suscep¬ 
tible  to  oxidation. 

I'he  third  factor  is  that,  as  the  data  in  Table 
5  suggeat,  approaches  alreadv  have  been  discovered 
and  are  under  extensive  invesbgation ,  for  adding 
another  sizeable  increment  to  the  performance  capa¬ 
bilities  of  steels. 

Approaches  Toward  Higher  Performance 

An  extremely  promising  avenue  toward  sub- 
itantial  increases  in  smooth-bar  strength  is 
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through  thermal-mechanical  treatments.  These 
treatments  are  characterized  by  the  introduction 
of  strain  into  the  structure  at  some  point,  or 
points,  in  a  cycle  which  also  includes  heat  treating 
A  number  of  treatments  of  this  type,  as  shown  in 
Table  7,  are  currenfly  being  explored. 

TABLE  7.  SOME  THERMAL-MECHANICAL 
TREATMENTS 


Deformation  During  Transformation  to  Marten¬ 
site 

Deformation  at  Room  T“mperatore 
Deformation  at  Cryogenic  "temperatures 
Aging  or  Tempering  After  Deformation 
Deformation  of  Martensite  Followed  By  Temper¬ 
ing 

Deformation  at  Room  Temperature 
Deformation  at  Tempering  Temperature 
Deformation  of  Temper-  d  Martensite  Followed 
by  Retempering 

Deformation  of  Metastable  Austenite  Before 
T  ransformation 

Transfoimation  to  Martensite 
Transformation  to  Bainite 
Combination  Treatments 


One  of  the  firsc  thermal-mechanical  treat¬ 
ments  was  simultaneous  deformation  and  trans¬ 
formation  from  austenite  to  martensite.  The 
rolling  of  the  17  per  cent  chromium,  7  per  cent 
nickel  type  of  stainless  steel  at  room  temperature 
can  be  considered  as  an  illustration  of  this  type 
of  treatment,  The  strength  of  this  and  other 
austenitic  stainless  steels  is  greatly  increased  by 
this  type  of  procedure  especial!,  when  -arried  ou 
at  ivyogenic  temperatures.  The  strength  levels 
obtainable  in  semiaustenitic  st. unless  steels  hav-- 
been  increased  dramatically  by  such  a  procedure 
followed  by  an  aging  treatment.  In  fact,  4-inch- 
w.dc  AM-155  strip,  processed  ir  this  manner  ti 
0„  Oil -inch  thickness,  is  currently  being  evaluated 
for  rocket-motor  cases  constructed  by  the  lap 
wrapping  technique,  A  case  made  of  AM- 355  by 
this  method  is  shown  in  Figure  11.  The  tensile 
st  l  ength  jf  the  r.teel  w.is  37<1,000  psi. 

A  variant  of  this  treatment  is  to  deform  pre¬ 
viously  formed  martensite  at  room  temperature 
and  then  age  at  a  moderately  elevated  temperature. 
An  effective  alternate  to  this  procedure  m.-.y  well 
be  to  1  arry  o  it  tl..  vie '^orma  tion  step  at  elevated 
temperatures  such  as  those  normally  usen  for 
tempermg,  A  uilhcr  alternative  procedure  is  to 
deform  tempered  martensite  and  then  ag--  or  re- 
temper.  Very  high  str-  ngths  have  been  developed 
in  age-hardenabte  inartensitic  stainless  steels, 
medium-!  arbon  low-alloy  steels,  and  5Cr-Mo-V 
oteels  by  such  procedures  as  these. 

Another  type  of  thermal-m.echann  al  treatment, 
which  has  been  under  study  for  several  years,  is 
to  deform  austenite  at  comparatively  low  tempera- 


FIGURE  11.  ROCKET-MOTOR  CASE  PRODUCED 
BY  LAP  WRAPPING  AM-355  STRIP 
WHICH  HAD  BEEN  THERMAL  MECH- 
ANICALL  •  TREATED  TO  37^,000- 
PSI  TENSILE  STRENGTH 

tures  where  it  is  metastable,  before  transformation 
to  martensite  or  to  bainit*',  and  follow  this  by 
t  mpering.  This  procedure  does  not  seem  to  result 
11  as  large  strength  increments  as  do  most  of  the 
thermal-mechanical  treatments  just  described. 

The  greatest  strength  increments  are  cur¬ 
rently  being  obtained  by  using  combinations  of 
thermal-mechanical  treatments.  For  example, 
by  deforming  a  0.  b6  per  cent  carbon,  5  per  cent 
nickel  steel  in  the  temperature  range  of  meta¬ 
stable  austenite,  quenching  to  form  martensite, 
tempering,  straining  the  tempered  martensite, 
and  rrtempenng,  a  yield  strength  uf  5J!0,000  p,>ii 
and  an  ultimate  tensile  strength  of  5^6,000  psi 
were  obtained. 

The  principal  reason  for  the  great  interest 
which  has  developed  in  thermal -mechanical  proces¬ 
sing  IS  the  very  high  smooth-bar  strength  levels 
which  can  be  achieved  by  their  use.  However, 
there  are  indications  that  several  of  the  different 
kinds  of  thermal-mei  hanical  treatment  also  are 
capable  of  improving  the  fracture  toughness  vs 
yield  c-lrength  relationship.  They  may  be  able 
either  to  increase  toughness  at  constant  strength 
or  to  maintain  toughness  while  in(  reasing  strength. 
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For  example,  the  ratio  of  fracture  toughness  to 
yield  strength  in  the  longitudinal  direction  of  sheet 
material,  for  martensitic  stainless  steels  and  the 
9Ni-4CO“0,  40C  steel,  can  be  improved  considerably 
by  deforming  them  in  the  metastable  austenitic 
condition  followed  by  quenching  and  tempering. 

Thermal-mechanical  treatments  are  still  in  the 
developmental  stage  and  are  as  yet  being  applied 
commercially  to  only  a  limited  extent.  In  the 
application  of  these  processes,  a  number  of  serious 
problems  arise.  To  achieve  reproducibility  of 
properties  requires  close  control  of  the  degree  of 
straining  and  the  time  and  temperature  range 
through  which  the  straining  is  carried  out.  To 
achieve  the  desired  amount  of  deformation  through¬ 
out  a  part  of  odd  or  complex  shape  is  something 
cf  a  problem  in  itself.  Another  problem  is 
anisotropy  of  mechanical  properties  and  low  tough¬ 
ness  in  the  transverse  direction.  In  addition, 
power  requirements  tend  to  be  high  becauce  the 
steel  usually  exhibits  great  strength  at  the  deforma¬ 
tion  temperature.  Again,  welding  such  materials 
is  difficult  without  suffering  considerable  loss  of 
strength  in  the  area  of  the  joint.  At  present,  only 
relatively  simple  shapes  and  parts  which  need  little 
final  finishing  are  being  fabricated  by  procedures 
encompassing  thermal -mechanical  treatments. 
However,  the  problems  are  under  attack,  and 
progress  is  being  made. 

Before  leaving  the  subject  of  thermal- 
mechanical  treatments,  another  posfib  ’ity  should 
be  mentioned.  The  enormous  work-'iardening 
capability  of  the  austenitic  manganese  steels 
suggests  that  very  high  strength  is  attainable  in 
these  steels  by  ...retch  forming  or  otherwise  work¬ 
ing  them.  Yield  strengths  of  180,000  psi  have  been 
developed  in  such  steels  by  reducing  them  SO  per 
cent  at  room  temperature.  The  corresponding 
Charpy  V-notch  values  are  quite  high,  being 
■11  fi'lbs  at  room  temperature  and  46  ft-lbs  at 
-100  F.  Thus,  it  IS  possible  that,  through  some¬ 
what  gi cater  amounts  of  deforrr.ation  with  or  with¬ 
out  subsequent  aging,  a  combination  of  strength 
and  toughness  can  be  obtained  in  these  steels  by 
working  them  at  ambient  temperatures,  which  is 
at  least  as  good,  if  not  better  than,  that  obtained 
in  austenitic  stainless  steels  deformed  at 
•  ryogenic  temperatures. 

As  shown  in  Table  8,  there  are  many  other 
avenues  toward  mprc'ed  performance.  One  of 
them  IS  to  pay  increased  attention  to  steel  com¬ 
position.  The  principal  uses  to  which  alloying 
elements  have  been  put  in  the  past  have  been  to 
improve  corrosion  i-  .listance  or  increase  hardens 
ability.  It  is  now  recognised  ih«t  alloying  elemente 
can  have  other  roles.  For  example,  the  realisation 
is  growing  that  alloying  elements  influence  fracture 
toughness.  In  quenched-and-tempered  steels,  there 
is  evidence  to  suggest  that  additions  of  such 
elements  as  vanadium  and  nickel  improve  tough¬ 
ness.  Manganese  and  silicon  seem  to  be  an 
effective  combination  promoting  toughness. 


On  the  other  hand,  there  are  indications  that 
chromium  reduces  the  toughness  of  quenched- 
and-tempered  steels.  In  addition,  it  is  clear 
that  the  toughness  of  this  type  of  steel  tends  to 
decrease  as  the  carbon  content  is  increased. 

The  development  of  the  .naraging  steels  and 
the  9Ni-4Co  steels  is  a  dramatic  illustration  of 
the  pontentialities  residing  in  the  realm  of  alloy¬ 
ing.  These  examples  should  serve  as  incentives 
to  stimulate  further  efforts  to  make  even  greater 
gains  through  the  use  of  alloying  elements. 

Another  important  aspect  of  steel  composition 
relates  to  the  unintended  elements  present  in  the 
steel.  It  is  clear  that  this  group,  comprising 
such  elements  as  sulfur,  phosphorus,  oxygen, 
nitrogen,  and  hydrogen,  detract  from  ductility 
and  toughness.  Means  of  making  steels  con¬ 
taining  only  small  amounts  of  these  elements 
have  come  about  through  the  development  of 
advanced  melting  methods,  such  as  the  vacuum- 
induction  and  the  consumable-electrode  vacuum- 
arc  remelting  processes,  in  conjunction  with 
increased  availability  of  high-quality  charge 
materials. 

TABLE  8.  AREAS  WITH  POTENTIALITIES  FOR 
ACHIEVING  INCREASED  PERFOR¬ 
MANCE 


Thermal-Mechanical  Treatments 
Composition 

Effect  of  Alloying  Elements 
Influence  of  Unintended  Elements 
Composition-Influenced  Approaches 
Bainites 

Self-Tempering  Steels 
Nitrogen  Martensites 
Nonmetallic  Inclusions 

Steels  Tailored  for  Thermal-Mechanical 
T  reatment 

Flaws  in  Mill  Products 

Defects  Introduced  in  Construction  and  Design 
Nondestructive  Inspection  Methods 
Design  Philosophy 
Coatings 

Fundamental  Research 


Further  steps  along  these  lines,  especially  in  the 
direction  of  charge  materials  of  still  higher 
purity,  should  be  rewarding. 

Several  avenues  which  may  lead  to  materials 
of  improved  performance  combine  considerations 
of  composition  with  other  factors.  For  example, 
evidence  is  available  which  indicates  that,  by 
proper  alloying  and  adjustment  of  carbon  content, 
tough  high-strength  bainites  can  be  formed  on 
continuous  cooling  from  the  austenite  temperature 
region.  In  the  same  manner,  the  Mf  temperature 
may  b<  raised  so  as  to  render  the  steel  self- 
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tempering  and  correspondingly  tough  on  cooling 
from  the  austenitizing  temperature.  Develop¬ 
ments  of  these  kinds  offer  the  additional  oppor¬ 
tunity  of  welding  without  preheat  or  postheat. 
Another  composition-influenced  area  which  has 
been  explored  but  little,  and  might  prove  quite 
worthwhile  to  investigate,  are  iron  alloy  systems 
based  on  nitrogen  martensites  rather  than  carbon 
martensites.  Another  item  which  might  come 
under  the  cloak  of  a  composition-influenced  matter 
is  the  taking  of  steps  toward  the  production  of 
steels  with  ever  fewer  and  ever  smaller  non- 
metallic  inclusions.  Here,  the  production  of 
comparatively  pure  charge  materials  and  the 
development  of  melting  procedures  using  a  vacuum 
or  an  artifical  atmosphere  have  paved  the  way. 

An  additional  long  step  has  been  taken  recently 
with  the  advent  of  vacuum  carbon  deoxidation. 

With  this  process,  the  products  of  deoxidation  are 
gaseous  and  leave  the  inelt  rather  than  being 
liquids,  or,  occasionally,  solids  which  remain  with 
the  molten  metal  to  form  nonmetallic  inclusions. 
Finally,  a  worthwhile  effort  would  seem  to  lie  in 
the  direction  of  developing  steels,  through  alloy¬ 
ing,  which  are  designed  for  particular  thermal- 
mechanical  treatments.  The  convergence  of  an 
optimized  thermal-mechanical  treatment  and  a 
steel  tailored  specifically  to  that  treatment  should 
yield  a  product  having  an  exceptional  combination 
of  strength  and  fracture  toughness. 

Steps  already  taken  to  decrease  the  number 
and  size  of  defe  ts  in  mill  produc.s  have  been  very 
encouraging  and  point  to  this  as  another  avenue 
toward,  improved  performance.  These  steps  start 
with  charge  materials  and  go  on  through  melting 
operations,  ingot  practices,  break-down  proce¬ 
dures,  hot  and  cold  rolling,  annealing,  and, 
indeed,  almost  all  aspects  of  mill  processing. 
Improved  charge  materials  and  melting  methods 
have  already  been  mentioned.  Other  examples 
include  the  use  of  glassy  slags  to  coat  and  protect 
ingot  surfaces,  the  development  of  exothermic 
hot-top  practices,  removal  of  surface  defects  at 
intermediate  st,igcs  in  processing,  and  grinding 
and  polishing  the  finished  product.  The  impor¬ 
tance  of  efforts  along  these  lines  can  be  stated 
this  way:  the  smaller  the  defctt  which  is  present, 
the  less  fracture  toughness  is  required  ir  the 
material  to  insure  reliable  performance  at  a  givr.n 
strength  level,  or  the  higher  the  reliably  usable 
strength  for  a  given  level  of  toughness. 

Discussions  of  measures  to  improve  the 
quality  of  mill  products  leads  to  a  consideration 
of  the  contribution  made  by  construction  and  design 
factors  to  the  number  and  srvei  .y  of  defects  pres¬ 
ent  in  the  finished  structure.  Great  strides  have 
been  made  here  also.  In  numeious  quarters, 
particularly  among  missile  and  aircraft  manufac¬ 
turers,  It  IS  appreciated  that  such  discontinuities 
as  scratcheo,  niiks,  gouges,  punch  marks,  under¬ 
cut  welds,  mismatched  joints,  and  grinding  marks 
may  initiate  a  (allure  as  readily,  if  not  inure 
readily,  than  „  mill  drfei  t  in  t.he  material  of 


construction.  Likewise,  the  designer  has  learned 
of  the  dangers  lurking  in  sharp  fillets,  slots, 
small  holes,  and  other  abrupt  changes  in  section. 

It  appears,  at  this  point,  that  the  most  severe 
problems  impeding  further  efforts  to  reduce  the 
number  and  severity  of  stress-raising  defects  in 
materials  and  structures  resides  in  the  short¬ 
comings  of  currently  available  nondestructive 
inspection  methods.  The  techniques  for  locating 
and  identifying  internal  defects  seem  to  have  more 
limitations  than  those  available  to  inspect 
surfaces.  Opportunities  for  further  advances 
appear  to  be  in  the  directions  of  increasing  the 
positiveness  with  which  the  equipment  indicates 
the  presence  of  a  defect,  decreasing  the  minimum 
size  of  identifiable  defects,  improving  the 
capability  to  find  nonlaminar  internal  defects  and 
defects  not  parallel  to  the  surface,  and  developing 
m  lans  of  identifying  the  type  of  internal  defect 
located. 

The  factor  of  design  demsiids  further  dis¬ 
cussion  because  the  subject  has  another  vitally 
important  aspect.  The  use  of  steels  in  high- 
performance  applications  at  cver-higher  strength 
levels  is  due  at  least  as  much  to  changes  in  design 
philosophy  as  to  increases  in  the  capability  of  the 
material.  Tnrough  the  years,  designers  have 
been  learning  to  adjust  their  thinking  to  the  fact 
that,  in  order  to  use  materials  at  higher  and 
higher  strength  levels,  they  must  accept  less  and 
less  ductility  and  toughness.  And  txperience  has 
been  teaching  that  reliable  structures  can  oe 
built  with  materials  which  not  many  years  ago 
were  considered  to  be  rather  brittle.  A  contin¬ 
uation  of  this  trend  in  design  philosopy  wil!  open 
the  door  to  the  application  of  ferrous  materials 
at  ever-higher  strengths. 

Most  of  the  forego'ng  discussion  has  been 
concerned  with  means  for  securing  l.ighe.  per¬ 
formance  in  terms  of  sl>-c‘ngth  and  toughness, 

Ot>hrr  areas  requiring  improvement  are  general 
corrosion,  strrsi-ccrrc  non  cracki.-ig  ,  corrosion 
fatigue,  and  hydrogen-stress  cracking.  The 
extent  of  the  advances  in  these  areas  which  <..in  be 
expected  from  such  approaches  as  composition 
modifications,  alloy  additions,  or  special  heat 
treating  or  mill  processing  procedures  would 
seem  to  be  somewhat  limited.  On  the  other  hand, 
progress  is  being  made  toward  an  improved 
understanding  o)  stress-corrosion  cracking  in 
stainlrcs  steels  and  the  ins  ights  g  aired  should 
lead  to  the  devcloptnenl  of  stainless  steels  more 
resistant  to  this  phenomenon.  Likewise,  hydrogen- 
stress  cracking  is  becoming  better  understood. 

Substantial  opportunities  are  judged  to  lie  m 
the  field  of  coatings  capable  of  shielding  the 
metal  from  hostile  e r. vi  ronment  s.  A  great  deal 
of  progress  has  been  made  in  the  technology  of 
coalings  through  the  years.  The  area  of  organic 
coalings  has  hern  particularly  active  in  recent 
years.  Such  a  abundance  of  compounds  has  be¬ 
come  available  that  the  tailoring  of  the  coating 
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formulation  specificaliy  to  the  particular  applica¬ 
tion  is  standard  practice.  Great  jvances  have 
been  made  also  in  coating  methods.  Recently 
developed  processes  make  use  of  such  techniques 
as  the  fluidized  bed,  electrostatics,  electro¬ 
phoresis,  and  glow  discharge.  Much  remains  to  be 
done,  and  the  current  research  effort  in  this  field 
is  quite  considerable.  The  requirements  to  be  met 
by  coatings  are  rigorous;  they  include  freedom 
from  holidays  and  breakthroughs,  ductility,  adher¬ 
ence,  reliability  over  wide  temperature  ranges, 
inertness,  impermeability,  inspectability ,  and  ease 
of  application.  However,  gains  in  this  field  are 
rewarding.  And  the  very  idea  of  avoiding  corrosion 
and  other  environmentally  influenced  deterioration 
processt.  s  by  creating  an  impenetrable  barrier 
between  the  environment  and  the  metal  is  a  power¬ 
ful  incentive  to  further  efforts  and  advances 
because  of  its  inherent  simplicity  and  practicality. 

Finally,  it  must  be  emphasized  that  under- 
girding  every  approach  to  higher  performance  is 
the  stead  acquisition  of  new  knowledge  and  new 
insights  to  the  fundamental  features  of  the  be¬ 
havior  of  metallic  materials  in  general  and  steels 
in  particular.  This  endeavor,  which  is  really 
the  basis  of  all  approaches,  is  often  left  unit-enti— 
fied ,  if  not  overlooked  entirely,  in  the  mad 
scramble  to  build  hardware  to  meet  today's  imme¬ 
diate  needs  and  desires.  To  insure  future  gvins, 
attention  and  support  must  be  given  in  full  m<. .  ure 
to  activities  and  efforts  wliich  are  directed  at  com¬ 
prehension  of  materials  behavior. 

Testing  and  Evaluatun 

An  extensive  subject  about  which  much  could 
be  said  is  testing  and  evaluation.  The  vital  role 
of  these  activities  in  materials  development  .  nd 
us.ige  needs  no  .trnplification  here.  Unfortunately, 
the  uncertainities  of  theory  and  the  paucity  o' 
fundamental  knowledge  of  the  behavior  ol  materials, 
place  these  matters  in  the  realm  of  question  and 
controversy.  So  commonplace  a  measurement  as 
yield  strength,  let  alone  Young's  modulus,  is  still 
fraught  with  argument.  Efforts  to  evaluate 
materials  for  their  resistance  to  stress-i  rosion 
cracking  or  corrosion  fatigue  are  almost  equivalent 
to  voyages  in  uncharted  seas.  On  top  of  these 
dilemma*  is  now  added  the  extremely  controversial 
problem  of  assessing  the  toughness  of  ultrastrong 
steels,  that  is,  the  capability  of  steels  at  ultrahigh 
strength  'evrls  to  sustain  loads  in  the  preaence  of 
strets-ra"ing  notches  and  defects. 

1  e  problem  of  evaluating  fractu.'e  toughness 
presses  in  from  a  number  of  directions.  In  the 
first  place,  the  phenomenon  of  a  ductile-to-bnttle 
transition  washes  out  at  yield  strengths  of  some 
180,000  psi  and  above.  Thus,  the  guide  lines  es¬ 
tablished  for  the  behavior  of  steels  of  lower 
strength  cannot  be  extrapolated  to  ultrastrong 
steels.  Still,  It  IS  not  difficult  to  evaluate  the 


fracture  toughness  of  ultrahigh  strength  steels  in 
thin  sections.  Their  load -carrying  capability  in 
the  presence  of  the  worst  defect  likely  to  be 
encountered,  namely,  a  natural  crack,  can  be 
estimated  from  direct  measurement  of  fracture 
strength  in  the  presence  of  th^t  defect.  This 
can  be  done  by  introducing  the  defect  artificially 
into  a  sheet  tensile  specimen  of  the  appropriate 
shape  and  size. 

Trouble  arises  when  the  thickness  of  the 
structure  or  component  reaches  the  point  that 
the  cross-sectional  dimensions  of  the  specimen 
make  it  too  strong  to  be  tested  in  the  largest 
available  equipment.  This  situation  calls  for 
subsized  specimens  and  immediately  poses  ;he 
problem  of  extrapolating  the  data  obtained  rom 
such  specimens  to  full-scale  conditions.  Either 
a  sound  theory  of  crack  propagation  in  ultrahigh- 
strength  steels  or  a  sufficiency  of  empirical 
experience  with  failures  in  thick  sections  of 
ultrastrong  steels  is  needed  to  bridge  this  gaj. 
Progress  is  being  made  along  both  lines. 

Currently,  a  number  of  different  types  of  sub¬ 
sized  specimens  are  in  use,  and  there  is  con¬ 
siderable  uncertainty  regarding  the  meaning  of 
the  data  obtained.  However,  it  i  .  not  toe  much  to 
expect  that  theory  and  test  rriTtrods  will  so  evolve, 
in  the  near  future,  as  to  yie  -I  quantitative  values 
for  fracture  toughness  which  are  of  a  type  that 
can  be  used  directly  in  design  calculations. 

Sumn  ary 

In  sum,  8  or  9  faniilies  of  steels  are  avail¬ 
able  today  for  high-pei  formanr e  structural 
applications  at  ultrahigh-strength  levels.  While 
cur-ently  used  maximum  yield  strengths  are  in 
the  range  of  260,000  ti’  j00,000  psi,  it  has  already 
been  d  enionstrated  that  teels  possess  consider¬ 
ably  greater  capabilitir ».  It  is  therefore  reason¬ 
able  to  expect  that,  in  th  -  next  few  years,  another 
long  step  forward  will  bt  aken  in  the  usage  of 
steel*.  It  IS  not  unlikely  t'  at  these  materials 
will  be  found  in  applications  «t  yield  strengths 
well  over  400,000  psi  in  a  vi-r/  few  years. 

For  component*  and  strurtu'es  made  ol 
at  extreme  strength*  to  be  rcliahie  v  ill  require  the 
avoidance  or  elimination  of  *01110  of  the  problem 
area*  that  place  limitation*  on  these  materials 
today.  A  moat  important  area  la  fracture  tcugh- 
neaa.  Here,  it  seem*  certain  that  progress  can 
be  made  by  a  convergence  of  several  approaches: 
the  development  of  steels  with  greater  inherent 
toughness,  the  production  of  mill  products  con¬ 
taining  fewer  and  smaller  flaws,  improcement  in 
fabrication  and  construction  methods,  improve¬ 
ment  in  inspection  procedures,  and  the  continued 
evolution  of  design  philosophy  to  encompass  ever 
more  brittle  structural  materials. 
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Hydrogen-stress  cracking  and  the  various 
destructive  phenomena  involving  corrosion  com¬ 
prise  another  important  area  limiting  the  useful¬ 
ness  of  steel  where  advances  are  urgently  needed. 
More  progress  toward  overcoming  the  problems 
residing  in  this  area  should  be  possible,  especially 
in  the  coating  field. 

SELECTED  BIBLIOGR.\PHY 

(1)  Aitchison,  L.  ,  A  History  of  Metals,  Inter- 
science  Publishers,  Inc.  ,  New  York  (I960), 
i.  volumes,  647  pages. 

{!)  Manning,  G.  K.  .  "How  Should  You  Evaluate 
High-Strength  Materials?",  Met.  Prog.  ,  80, 
65-67  (1961). 

(3)  Brenner,  S.  S.  ,  "Tensile  Strength  of 

Whiskers",  J,  App.  Phys,  ,  27,  1484-1491 
(1956).  ~ 

(4)  Proceedings  of  Conference  on  Metallurgical 
Developments  in  High-Alloy  Steels,  held  at 
Scarborough  on  June  2-4,  1964  jointly  by 
British  Iron  and  Steel  Research  Association 
and  the  Iron  and  Steel  Institute,  15  papers, 

171  pages. 

(5)  Kula,  E,  B.  ,  Radcliffe,  S.  V,  ,  "Thermo- 
mechanical  Treatment  of  Steel",  J,  Met.  , 

15,  755-762  ((963). 


(6)  Marschall,  C.  W.  ,  "Hot-Cold  Working  of 
Steel  to  Improve  Strength",  Defense  Metals 
Information  Center  Report  192,  BMI, 

Columbus,  Ohiio  (October  11, ’963). 

(7)  Mechanical  Working  of  Steel  I,  Philip  H.  Smith, 
Editor,  Gordon  and  Breach,  New  York 
(1964),  417  pages. 

(8)  Campbell,  J.  E.  ,  "Steels  for  Large  Solid- 
Propellant  Rocket  Motor  Cases",  Defense 
Metals  Information  Center  Report  178, 

BMI,  Columbus,  Ohio  (November  20,  1962). 

(9)  Matas,  S.  J.  ,  Hill,  M.  ,  and  Monger,  H,  P.  , 
"Current  and  Future  Trends  for  Steels  With 
High  Strength  and  Toughness",  Metals 
Engineering  Quarterly,  J,  7-17  (1963). 

(10)  Hall,  A.  M.  ,  "A  Discussion  of  the  Physical 

Metallurgy  of  the  18  Per  Cent  Nickel  Maraging 
Steels",  Defense  Metals  Information  Center 
Report  194,  BMI,  Columbus,  Ohio 
(November  15,  1963). 

''1)  Alper,  R.  H.  ,  "Cryogenically  Stretch-Formed 
Type  301  Stainless  Steel  for  Cryogenic 
Service",  Materials  Research  and  Standards, 

4,  525-532  (October  1964). 

(12)  Campbell,  J.  E.  ,  "Current  Methods  of 

Fracture-T o  ighness  Testing  of  High-Strength 
Alloys  with  Emphasis  on  Plane  Strain", 

Defense  Metals  Information  Center  Report 
^07,  BMI,  Columbus,  Ohio  (August  31,1964). 


14 


MILITARY  APPLICATIONS  AND  PROPERTY  REQUIREMENTS 


U.  S.  Air  Force 

(P.  L.  Hendricks,  H.  W.  Zoeller,  and 
I,  Perlmutter,  U.  S.  Air  Force,  AF 
Materials  Laboratory,  Wright-Patterson 
Air  Force  Base,  Ohio) 

Advances  in  new  concepts  for  Air  Force  weap¬ 
ons  systems  have  produced  corresponding  require¬ 
ments  for  steels  with  much  improved  performance 
and  service  characteristics.  Steels  with  high 
strength-to-weight  ratios  are,  therefore,  important 
Air  Force  structural  requirements.  The  technology 
of  high-strength  steels  has  not  been  static,  ani 
many  advances  have  been  made  toward  fulfillment  of 
the  basic  requirements  for  steeis  with  higher 
strength-to-weight  ratios. 

Prior  to  the  last  decade,  steels  were  commonly 
used  with  yield  strengths  in  the  125-ksi  range. 

Modest  increases  in  strength  were  obtained  during 
the  war  years,  but  since  that  time,  inr  "eased  em¬ 
phasis  has  been  placed  upon  increased  ;itrength-tc- 
weight  ratios  with  the  result  that  really  significant 
increases  in  strength  levels  have  been  obtained. 

The  trend  of  increased  yield  strengt'is  in  high- 
strength  steels  since  World  War  11  ha#  been  stei  dily 
upward.  It  should  be  pointed  cut  that,  although  the 
trend  for  yield  strength  levels  has  been  increasing, 
limitations  in  the  successful  utilization  of  n.gh- 
strength  steels  have  resulted  in  a  leveling  off,  and 
in  many  cases, an  actual  decrease  in  yield  strength 
design  levels  in  some  current  applications.  The 
ability  to  use  steels  with  high  yield  strengths 
would  ,  of  course  ,  result  in  me  rt  a  s-'S  in  perform  - 
ante  and  payloads  in  current  and  future  air  weapons 
sy.stems.  The  high-strength  steels  are,  in  generil, 
les.s  ductile  and  more  susceptible  to  brittle  fracture 
th.in  steels  ot  lower  strength  levels.  It  is  also  im¬ 
portant  to  note  that  many  present  applications  re¬ 
quire  the  utilization  and  performance  of  steels  un¬ 
der  conditions  of  stress  and  environments  which 
are  more  severe  th.in  those  encountered  only  ♦  few 
years  .igo.  The  higher  strengtfis  .md  severe  en¬ 
vironments  necessitate  an  increased  attention  to 
rn.iii'ifacturuig  proc e s .  de s ign  deta il s  ,  and 
operating  ccnditions.  Many  of  the  basic  factors 
pertinent  to  ihe  use  of  high-st rengt*;  steels  which 
will  be  (onsidered  in  this  paper  are  fairly  well 
undrrfcood  from  a  theoretical  point  of  view.  fhe 
diff  culties  lie  iii  reducing  these  factors  to  con¬ 
sistent  engineering  practice.  The  utilization  of 
cur-ently  available  high-strength  steels  requires  a 
kno'vletlg*  and  application  of  certain  basic  informa¬ 
tion  ,  i!  reliable  performance  is  to  be  obtained  under 
8rr\ue  conditions.  The  problems  involved  in  the 
successful  application  of  present  high-strength 
steels  are  twofold  and  can  be  -ummarized  as  follows: 
(1)  recognition  ani  application  of  the  factor"  involved 


in  securing  a  high  degree  of  reliability  in  per¬ 
formance  to  insure  freedom  from  failure  of  sys¬ 
tems  or  components  due  to  involvement  of  limit¬ 
ing  factoi  s  in  the  use  of  high-strength  steels, 
and  (2)  the  development  and  application  ol  new 
information  which  will  lead  to  the  production  of 
superior  high-strength  steels  which  overcome 
many  of  the  limiting  factors  associated  presently 
with  their  use.  Since  this  second  category  im¬ 
plies  the  overcoming  of  limitations  of  high- 
strength  steel  performance  througu  application 
of  knowledge  not  yet  generated,  attention  must, 
of  necessity,  be  directed  in  tlie  present  discussic 
primarily  to  the  limitations  presently  involved  in 
the  use  of  high-strength  steels. 

Most  steeis  have  beer,  investigated  to  the 
point  that  their  physical  and  mechanical  proper¬ 
ties  are  well  known.  It  is,  therefore,  possible  to 
design  structures  which  should  give  reliable  per¬ 
formance  when  available  design  information  has 
been  properly  utilized.  This  has  generally  been 
irue  when  steels  were  used  at  comparatively  low 
strength  levels  (120  ksi).  Attempts  to  use  steels 
at  high  strength  levels  (250-300  ksi),  however, 
have  beun  very  difficult  and  can  be  successfully 
accomplished  only  when  rr.any  other  factors  are 
considered  and  are  protected  against  when  neces¬ 
sary.  These  factors  place  limitations  upor  the 
successful  use  of  high-strength  steels  and  si..ine 
of  the  more  important  ones  are  listed  as  follows: 

(1)  cleanliness  and  uniformity  of  metallurgical 
structure,  (2)  influence  (  f  sharp  corners  and 
stress  risers,  (  1)  riece'iSity  for  proper  g'ain  flow 
in  forgings,  (4)  damage  througu  processing  after 
heat  treatment,  (5)  stress  corrosion,  hydrogen 
embrittlement,  and  other  corrosion  effects, 

(6)  resist.ince  to  crack  initiation  and  propagation, 

(7)  fatigue-typr  f.iilurcs  ,  and  ^8)  .ulequ  ite  inspec¬ 
tion  techniques.  Failure  to  recognize  the  impor¬ 
tance  or  guard  ag.un.st  the  influeiu  e  of  some  o! 

.nese  factors  listed  has  resulted  in  loss,  by  the  .Air 
Force  on  occasion,  ol  complete  weapons  systems.  C)n 
other  occasions,  subsystems  or  component  parts 

•  naur  ol  high  -  s»  rength  steels  have  been  involved  in 
failures.  In  all  cases,  these  failures  exacted  a 
high  price  in  terms  of  money  and/or  manpower. 

To  show  the  influence  of  some  of  t.hrse  factors, 
a  few  examples  will  be  presented.  Grinding  and 
•"■rilling  operations  after  heat  treatment  should  be 
accomplished  with  extreme  precautions.  Mov/ever, 
the  fabrication  of  aircraft  parts  frequently  re¬ 
quires  that  fastener  holes  be  drilled  after  heat 
treatment.  When  the  h:irdn-ss  exceeds  Rockwell 
■’C"  44,  the  probl«r.  of  drillicg  becomes  critical. 
Overheating  i  an  occur,  resulting  in  untempered 
martensite  in  the  holes  which  can  readily  crack 
under  the  proper  stress  condi'io.'*.  The  form.xtion 
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of  cracks  could  bring  about  problems  in  one  oi  ♦wo 
ways.  In  th^  first  place,  cracking  could  be  so  ex¬ 
tensive  as  to  reduce  the  load-carrying  area  suffi¬ 
ciently  to  cause  failure  of  the  part  at  stresses  far 
below  design  loads.  In  the  other  instance,  the  for¬ 
mation  of  cracks  could  expose  unprotected  sites  to 
the  atmosphere  and  under  proper  conditions  provide 
for  the  initiation  of  corrosion  at  these  sites.  The 
corrosion  combined  with  stress  could  cause  stress- 
corrosion  cracking  and  subsequent  failure  of  the 
part. 

Figure  1  shows  a  trunion  support  rib  fitting 
which  holds  the  landing  gear  to  the  airframe  or 
fuselage.  The  material  was  4340M  heai  treated  to 
220  to  240-ksi  tensile  strength.  The  holes  are 
drilled  after  heat  treatment  to  meet  required  tole^*- 
ances,  and  if  overheating  occurs,  untempered 
martensite  can  occur  in  the  holes  (Figure  2).  Un¬ 
tempered  martensite  is  quite  brittle  and  will  crack 
quite  readily  under  load,  thus  paving  the  way  to  fail¬ 
ure  by  one  of  the  two  routes  mentioned  earlier.  The 
importance  of  surface  condition  is  illustrated  in 
the  failure  of  a  landing  gear  made  of  4  340  steels 
heat  treated  to  260-  to  280-ksi  strength  level. 
Investigation  in  this  case  revealed  the  fact  that  the 
aircraft  involved  had  previously  experienced  a  hard 
landing,  causing  three  tires  to  blow  out.  The 
forward  outboard  wheel  was  replaced,  using  forward 
jacking  point  to  raise  the  aircraft.  However,  the 
aft  jacking  point  was  too  low  to  use  the  standard 
jack.  A  small  hand  hydraulic  jack  was  placed  under 
the  truck  beam  assembly.  Inspectior.  revealed  that 
the  truck  beam  failure  initiated  on  '.he  under  side 
at  the  point  where  the  hand  jack  had  contacted  it. 
Other  examinations  showed  that  the  surface  marks 
(Figure  3)  made  by  the  hand  jack  served  as  points 
of  initiation  of  the  failure.  This  incident  points  up 
the  necessity  of  constantly  monitoring  procedures 
used  in  the  handling  of  high-strength  steels.  The 
problem  of  applying  information  intended  to  guard 
against  adverse  affects  of  certain  limiting  factors 
18  often  lomplicated  because  of  the  introduction  of 
other  factors.  The  following  cases  are  typical 
examples, 

A  few  years  back,  an  investigation  was  con¬ 
ducted  to  determine  the  cause  of  failure  of  a  wheel 
and  axle  assembly  from  an  F-  05B  nrcraft.  The 
assembly  was  cadmium  plated  to  protect  it  from 
atmo  spheric  conditions.  Information  supplied 
indicated  that  the  failure  occurred  after  the  air¬ 
craft  had  taxied  for  a  considerable  distance  follow¬ 
ing  an  unusually  fast  landing.  An  examination  of 
the  fractured  surface  showed  a  brittle-type  fracture 
with  little  evidence  of  ductility.  In  additic7>  to  the 
primary  fracture,  there  were  numerous  other 
cracks.  Several  of  these  cracks  were  opened,  and 
alt  that  were  examined  showed  indications  that 
cadmium  used  as  a  plating  had  penetrated  into  the 
base  metal.  In  some  cases,  the  surface  was 
smooth  and  shiny;  in  others,  there  was  a  layer  of 
yellow  or  brown  o&ide,  Spectrographic  analysis 
indicated  major  amounts  of  cadmium  on  both  frac¬ 
ture  surfaces.  Base  metal  was  also  analysed  and 


FIGURE  1.  TRUNION  SUPPORT  FITTING 


FIGURE  2.  UNTEMPERED  MARTENSITE 


FIGURE  3.  MARKS  FROM  HAND  JACK 

and  found  to  be  the  proper  chemistry  for  <330 
modified  steel  which  was  spei'ified  for  the  part. 

It  was  concluded  that  the  part  had  failed  from  an 
unknown  mechanism  resulting  from  the  penetra¬ 
tion  of  the  steel  by  the  cadmium.  During  normal 
service,  this  part  is  periodically  aubjected  to 
moderately  high  temperatures  (600  to  700  F) , 
while  under  stress.  The  unusually  fast  landing 
had  also  contributed  to  excessive  heat  in  the  part. 
This  resulted  in  the  penetration  of  the  cadmium 
into  the  steel  which  reduced  the  load-carrying 


16 


ability  of  the  material,  th\i  i  causing  it  to  fail.  It 
was  concluded  that  use  of  cadmiun>plated  steel  in 
stressed  parts  above  the  melting  point  of  cadmium 
fhould  be  avoided  in  all  cases  since  preniature 
failure  can  result. 

Anoth'jr  example  deals  wjlh  the  embrittlement 
of  steel  due  to  hydrogen.  One  of  the  principal  sour¬ 
ces  of  hydrogen  in  steel  comes  from  electroplating. 
A  high  concentration  of  hydrogen  collects  at  the  sur¬ 
face  under  the  plate.  Baking  after  plating  will  ef¬ 
fectively  remove  the  hydrogen  provided  the  plate  is 
porous  enough  to  permit  the  hydrogen  to  pass 
through.  At  strength  levels  above  200,000  psi, 
baking  periods  of  the  order  of  23  hours  at  37  j  are 
required.  The  casein  point  involves  a  trunion  sup¬ 
port  fitting  which  had  been  plated  using  a  porous 
cadmium  plate.  After  a  period  in  service,  cracks 
were  observed  in  the  fillet  area  of  the  fitting  (Fig¬ 
ure  4).  There  was  a  large  generous  radius  in  the 
area,  and  for  a  while,  everyone  was  puzzled  as  to 
wkat  had  caused  the  failures.  Mechanical  proper¬ 
ties  were  excellent  for  that  strength  level,  particu¬ 
larly  in  the  short  transverse  direction.  During 
the  investigation,  four  of  the  trunion  fittings  were 
loaded  to  about  3/4  of  their  yield  strengths.  This 
was  done  to  determ'ne  if  hydrogen  embrittlement 
was  a  problem.  No  !\ilures  occurred  after  about 
3  n  inth.s  under  this  su  tained  load,  after  which 
time  the  test  articles  were  removed  from  the  hanger 
and  placed  outside  in  the  sc/ap  yard.  About  3  days 
later,  it  v.as  noticed  that  hree  of  the  four  test  arti¬ 
cles  had  failed  in  the  fillet  area.  It  had  snowed  dur¬ 
ing  this  period,  and  the  fourth  article  failed  shortly 
afterward.  I.ater  tests  using  sustained  loads  and 
moisture  confirmed  these  observations.  The  parts 
hac  been  cadmium  plated  using  a  less  dense  plate, 
and  while  in  service  under  stiess,  moisture  had 
collected  on  the  suri'.tcc  of  the  plate,  causing  a 
stress  corrosion,  hydrofen  embrittlement  failure. 
These  examples  indicate  that  hydrogen  embrittle¬ 
ment,  stress*  corrosion,  and  failure  through  cad¬ 
mium  penetration  can  all  be  associated  with  at¬ 
tempts  to  protect  the  high-strength  steels  through 
the  use  of  cadmium  plating. 


riGU  ;  4.  cR.\rK  in  trunion  support 

FITTING 

Another  factor  of  importance  in  forgings  is 
xssuranr.'  that  gram  flow  pattern  is  in  the  proper 
tlir*-ction  with  respect  to  the  manner  in  which  the 


part  is  loaded.  This  is  of  particular  significance 
as  the  strength  level  required  of  the  steel  is  in¬ 
creased.  A  failure  of  a  landing-gear  truck  beam 
is  a  typical  example.  Several  failures  had  occurred 
and  in  each  case  t)  e  initiation  point  was  on  the 
bottom  side  of  the  front  axle  (Figure  5).  The  frac¬ 
tures  are  typical  of  stress  corrosion  in  low-alloy 
steel  /  Figure  ^).  Investigation  of  these  failures 
showed  mat  the  part  was  fabricated  in  such  a  way 
that  the  exposed  surface  was  transverse  to  the 
direction  of  the  grain  flow.  High-strength  steel  is 
more  susceptible  to  stress-corrosion  cracking  in 
the  short  transverse  direction  than  in  the  longitu¬ 
dinal  direction.  In  this  instance,  it  was  concluded 
that  the  directii^n  of  the  grain  flow  pattern  at  the 
point  of  fracture  initiation  was  such  that  resistance 
to  stress  corrosion  may  have  been  materially  re¬ 
duced.  There  is  a  possibility  that  this  failure  may 
have  been  avoided  if  more  consideration  had  been 
given  to  providing  the  proper  grain  flow  orientation. 


FIGURE  5.  FAILED  SECTION  JlANDING-GEAR 
TRUCK  BEAM 


FIGURE  b.  STRESS-CORROSION  CR..CKING 

One  of  the  most  important  faitors  limiting 
servi  e  application  of  high-atrength  strols  it 
fracture  tovghncaa.  Th.s  parair  Irr  has  been,  and 
still  IS,  receiviiig  conaiderablr  attention.  In  many 
applicationa ,  this  aspect  i»  of  such  importanrr 
'hat  It  IB  the  controlling  factor  in  determining 
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whether  a  specific  steel  will  be  used  In  a  given  ap¬ 
plication.  Extremely  high  yield  strengths  are  of 
little  importance  if  the  steel  na?  lew  resistance  to 
the  steady  growth  of  cracks  that  may  be  present  as 
a  result  of  fabrication  processes.  In  these  steels, 
crack  growth  proceeds  readily  to  the  point  of  in¬ 
stability  followed  by  failure  in  a  brittle  manner  at 
stresses  far  below  the  yield  strength  of  the  materi¬ 
al.  The  lack  of  this  property  has  resulted  in  cost¬ 
ly  failures  of  Air  Force  weapons  systems  and  com¬ 
ponents.  The  impor  :ance  of  this  factor  is  recog¬ 
nized  when  one  thinks  of  the  necessity  for  obtaining 
100  per  cent  reliability  of  material  performance  in 
many  systems  currently  under  consideration.  It 
is  not  possible  to  adequately  cover  so  important  a 
topic  in  the  time  available.  However,  I  am  sure 
that  more  complete  coverage  will  be  given  later  in 
the  symposium.  These  few  illustrations  point  up 
the  im,>ortance  of  limiting  factors  in  obtaining  re¬ 
liability  of  performance  in  high-strength  steels. 
These  examples  also  point  up  the  need  for  detailed 
attention  to  manu‘'actaring  processes,  design  de¬ 
tails,  and  operating  environments  and  conditions. 

All  of  these  factors  become  increasingly  important 
as  the  strength  levels  at  which  high-strength  steels 
are  uoed  are  increased.  Many  of  the  factors  perti- 
ent  to  the  use  of  high-strength  steels  are  somewhat 
understood  from  a  theoretical  point  of  view.  The 
difficulty  lies  in  incorporating  these  factors  into 
practice  so  that  systems  and  components  can  be 
built  that  operate  with  reliability  approaching  100 
per  ce.Tt. 

Steels  in  the  ^bO-'SO-ksi  category  are  current¬ 
ly  being  ised  in  some  ai'nlications  by  the  Air  Force. 
This  is  being  accompt  ..  *d  through  an  awareness  of 
the  limiting  factors  mvolv<.d  in  their  use.  Success¬ 
ful  application  requires  '  constant  monitoring  of 
orocesiung  techniques  jeg.nning  with  the  nnelting 
process  and  continuing  through  completion  of  the 
component  or  system.  A  critics'  factor  throughout 
the  fabrication  process  is  the  availability  and  use 
of  satisfactory  inspection  techniques.  To  insure 
reliability  in  performance,  continual  inspection 
following  various  fabrication  procedures  is  man¬ 
datory.  Present  high-strength  steels  are  so  sensi¬ 
tive  to  processing,  surface,  and  me'allurgicat  de¬ 
fects,  and  other  imperfections  that  tais  type  of 
inspection  is  necessary.  Although  the  need  for 
rigid  inspection  is  recognised,  present  inspection 
techniques  and  procedure*  far  from  adequate 
to  accomplish  the  requiremenas.  The  inadequacy 
of  these  techniques  constitutes  another  imiting 
factor  And  decreases  the  likelihood  o.  obtaining  the 
degree  of  reliability  nf  performance  felt  tc  be  nec¬ 
essary  for  many  applications.  The  development  of 
new  Slid  much  improved  inspection  techniques  is 
required,  if  the  full  potential  of  currently  avatlabl* 
high-etrength  steel  compoeitions  is  to  be  achieved. 

Ae  was  suggested  earlier,  another  approach  to 
satisfactory  utilisation  of  high-strength  steels  is  *.o 
develop  new  or  improved  compositions  that  are  no', 
subject  to  many  pf  the  limiting  factors  previously 
discussed.  Efforts  in  this  direction  are  continuing. 


Some  progress  has  been  made  in  various  areas. 
One  such  instance  is  the  development  of  a  high- 
strength,  corrosion-resistant  martensitic  steel 
by  the  Air  Force  under  contract  with  Crucible 
Steel  Company.  This  steel  is  currently  designated 
as  AFC-77  and  offers  higher  strength  at  elevated 
temperatures  (lCOO-1200  F)  than  any  other 
corrosion-resistant  steel  presently  available  com¬ 
mercially.  The  nominal  composition  is  0. 15C- 
14.  5Cr-l  3.  5Co-5Mo-0.  5V,  Its  strength  ranges 
from  300  ksi  at  room  temperature  to  164  ksi  at 
1100  F.  The  development  of  the  maraeing  steels 
is  another  example  of  a  noteworthy  contribution 
to  high-strength  steel  technology.  These  steels 
develop  high  strengths  and  are  readily  fabricable. 
In  addition  to  the  high  strengths  developed,  the 
outstanding  feature  of  these  steels  is  their  ability 
to  withstand  the  presence  of  larger  flaws  or  cracks 
than  other  steels  of  comparable  strength  level. 

This  property  has  stimulated  widespread  interest 
in  these  steele  and  'hey  are  being  considered  for 
many  present  and  future  applications. 

These  steels,  of  course,  do  not  overcome  all 
of  the  limiting  factors  affecting  performance.  The 
AFC-77  provides  corrosion  resistance  coupled 
with  high  strengths  at  room  and  elevated  tempera¬ 
tures,  but  suffers  the  drawbacks  of  other  limiting 
factors.  The  maraging  steels  suffer  from  banding 
and  low  fracture  toughness  of  weld  metal  as  well 
at  other  limiting  factors.  Both  of  these  steels  are 
important  structural  materials,  and  the  above 
examples  are  used  only  to  indicate  that  the  proba¬ 
bility  of  a  steel  that  overcomes  all  of  the  limiting 
factors  does  not  exist.  It,  therefore,  should  not 
be  expected  that  new  developments  will  lead  to 
compositions  that  overcome  the  influence  of  all 
limiting  factors.  The  developments  that  have  oc¬ 
curred,  however,  do  seem  to  indicate  that  it  may 
be  poeeible  to  produce  steele  that  either  overcome 
specific  limiting  factors  or  become  much  more 
tolerant  t.^  their  influence  in  appUcatione  where 
these  factors  are  critical. 

In  order  to  obtain  steele  with  both  high 
strength  and  reliability,  several  approaches  have 
been  used.  Quenched  and  tempered  steels  consti¬ 
tute  by  fsr  the  great  majority.  The  nta raging 
steels  constitute  «  very  small  group,  and  as 
previously  pointed  out,  show  great  potential. 
Carbon-strengthened  low-alloy  steels  processt- 
to  100  per  cent  lower  bainite  constitute  another 
promising  approach.  These  steels  combine  I  igh 
etrengthe  with  good  fracture  toughness  and  I  igh 
weld-joint  efficicnciee.  These  composition  i  indi¬ 
cate  that  100  per  cent  bainite  properly  forr.ed  has 
toughneer  superior  to  that  obtained  from  t  mpered 
martensite  at  comparable  strength  levels.  The 
use  of  thermo-mechanical  treatments  mt.y  also 
offer  tome  advantagee.  The  potential  o  this 
proceecing  ter:hnique  haa  not  been  fully  cxplorr-d; 
hence,  a  full  aseeseraent  of  the  potential  of  steels 
so  processed  csniiot  adequately  be  made. 

It  should  be  noted  that  although  tecls  have 
been  used  for  many  years,  alloys  wih  improved 
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properties  and  performance  characteristics  are 
continually  being  developed.  Steels  provide  high 
stren^th<'to*weight  ratios  and  are  economical. 

Steels  are  important  Air  Force  structural  metals 
and  will  likely  play  dominant  roles  in  many  future 
systems,  but  will  probably  never  be  completely  free 
from  all  limiting  factors.  With  the  necessary  atten¬ 
tion  to  the  processing,  design  details,  and  operating 
conditions,  steels  can  and  will  be  used  to  their  best 
advantage.  By  continuing  to  advance  in  the  physical 
metallurgy  of  steels  and  by  applying  the  necessary 
engineering  controls,  it  will  be  possible  to  continue 
the  advancements  in  steel  technology. 

U.  S.  Army 

(J.  I.  Bluhm,  Army  Materials  Research  Agency, 
Watertown,  Massachusetts.) 

Introduction 

It  seems  unrealistic  and  somewhat  arbitri  .-y 
to  try  and  break  out  differences  in  the  nature  of  the 
problems  of  the  use  of  high-strength  steels  in  Air 
Force  versus  Navy  versus  Army  applications.  The 
behavior  of  a  component  is  not  influenced  by  the 
name  of  the  using  service,  but  rather  by  the  specific 
environment  in  which  it  finds  itself.  Certainly,  at 
today's  technological  level,  it  is  difficult  to  visual¬ 
ize  an  environment  whit lies  solely  within  the 
domain  of  any  one  service. 

Therefore,  rather  than  attempting  to  identify 
applications  and  problems  unique  to  the  Army,  we 
shall  initially  describe  briefly  several  specific 
Army  components  in  which  high-strength  steels 
either  have  an  important  potential  or  where  their 
use  has  leu  to  catastrophic  failures.  Finally,  we 
shall  attempt  to  indicate  the  directions  that  studies 
are  being  directed  order  to  resolve  some  of  the 
problems  associated  with  their  use. 

By  the  term  "failure",  we  shall  restrict  our 
attention,  except  when  specifica  'y  stated  to  the 
contrary,  to  "fracture"  and  even  more  specifically 
to  "brittle  fracture".  By  "brittle  fracture",  in 
turn,  we  imply  a  rapid  catastrophic  fracturing 
process  which  takes  place  at  stress  levels  consider¬ 
ably  below  the  yield  strength  and  which,  therefore, 
provides  no  warning  (by  deformation  or  necking)  of 
impending  failure. 

Applications  and 
Associated  Problems 

Historically,  the  Army's  first  significant  en¬ 
counter  with  the  then  ill-defined  "brittle  behavior 
problem"  developed  during  the  Korean  epiaode  when 
conaiderable  numbers  of  guns  shattered  in  the  field. 
The  failures  were  generally  characterised  by;  (a)  the 
formation  of  many  fragments  during  the  fracturing 
process,  (b)  low  ambient  temperatures,  (c)  little  or 
no  readily  detectable  piratic  flow,  and  (d)  an  un¬ 
expectedly  short  life. 


Now,  although  these  guns  did  not  qualify  as 
"high  strength"  in  terms  of  the  ground  rules  of 
the  present  symposium,  their  behavior  did  indicate 
the  increased  tendency  toward  brittle  behavior  as 
strength  levels  increased,  and  hence,  highlighted 
the  potential  hazards  of  using  high-strength  steel. 

Continuing  and  pressing  requirements  for 
lighter  weight,  higher  performance  components 
have,  nevertheless,  forced  consideration  of  the  use 
of  higher  and  higher  strength  steels,  brittle  frac¬ 
ture  risk  notwithstandir  g.  Entirely  new  families 
of  weapons  have  been  developed  incorporating 
these  steels. 

The  155-mm  recoilless  rifle  of  the  Davy  Crock¬ 
ett  vintage  calls  for  ambient  yield  strength  levels 
of  180,000-190,000-p8i  level  with  a  400  F  require¬ 
ment  of  155,000  psi,  and  of  course,  adeqviate 
toughness.  These  strength  levels  arc  not  optimum 
but  represent  compromise  between  strength  and 
toughness.  Steels  were  available  with  higher  am¬ 
bient  yield  strengths  and  equivalent  toughness 
levels,  but  they  showed  greater  strength  degrada¬ 
tion  at  the  400  F  level.  More  recently,  high- 
strength  4  330V  (Mod  +  Si)  has  been  commercially 
produced  with  a  0.  10  per  cent  offset  yield  strength 
of  ZOO, 000  psi  and  a  -40  F  "V"-notch  Charpy  value 
of  lO-ZO  ft-lb.  Current  effort  is  being  directed 
toward  utilization  of  even  higher  yield-strength 
1  vels  such  as  250,000-300,000  psi  in  various 
missile  £nd/or  rocket  applications. 

Generalizing  somewhat,  we  shall  consider 
several  experiences  with  other  applications  of  the 
pressure-vessel  type. 

a.  On  or  about  9  September,  I960,  a  small 

pressure  vessel  in  a  stored  "Hawk"  missile 
shattered  completely  destroying  the  missile. 
The  pressure  vessel  is  part  of  a  hydraulic 
accumulator  system  used  to  actuate  the 
hydraulic  servo  system  and  normally  con¬ 
tains  nitrogen  gas  at  a  nominal  pressure 
of  4000  psi.  Because  of  launch  time  con¬ 
siderations,  this  pressure  vessel  is 
charged  with  the  4000-pBi  nitrogen  at  the 
manufacturer's  plant  and  remains  charged 
until  the  missile  is  fired.  Here  failure- 
delayed  failure--waB  attributed  principally 
to:  (1)  thr  use  of  an  inherently  too  brittle 
steel  (H-ll  Aero  Material  Spec  AMS  64  37 
at  a  yield  strength  level  of  200-220,000 
psi),  ;  nd  (2)  presence  of  moisture  and/or 
other  •'nriosive  media  leading  to  hydrogen 
embrittlement  and  impregnation.  Com¬ 
binations  of  these  factors  led  to  slow 
development  of  critical  size  defects  in  the 
0.180-inch  wall  and  subsequent  r*pid  or 
c  ktastrophic  failure.  ControU-^d  laboratory 
ttsts  repeatedly  result'.'d  in  fr  agmentation 
f  these  pressure  vessels  into  many  small 
pieres--in  some  instances  as  high  as  33-- 
in  the  tern;  rature  range  -65  F  to  +80  F 
and  exhibited  considerable  scatter  in  the 
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burst  pressures.  The  fracture  surfaces 
showed  no  significant  deformation  or  shear- 
lip  formation;  this  is  consistent  with  the 
brittleness  expected  from  multiple  fracture 
observations.  The  H-ll  accumulators  were 
eventually  replaced  v/ith  AISI  4340  steel  at 
160,000  to  180,000  yj.eld  strength  with 
slightly  increased  wall  thicknesses;  burst 
tests  demonstrated  the  marked  superiority 
of  this  material;  burst  pressures  were  quite 
consistent  relative  to  the  K-11  tests.  Fur¬ 
thermore,  the  fracture  surfaces  showed 
100  per  cent  shear  lip  and  the  accumulators, 
at  worst,  burst  into  only  two  pieces  in  the 
extended  temperature  range  -ZOO  F  to  f80  F. 

b.  The  "Redeye"  and  "Shillelagh"  solid- 

proptllant  rocket-motor  cases  are  indica¬ 
tive  of  another  application  area.  These  are 
particularly  interesting  in  that  they  vividly 
demonstrate  the  applicability  of  a  critical 
shear-lip  thickness  concept^^)*  on  the  ac¬ 
ceptability  of  a  particular  steel.  Here, 
th  ?  Redeye,  a  2.75-inch-diameter,  0.  020- 
inch-thick  H-ll  vessel,  burst  tested  at 
-65  F,  repeatedly  failed  at  stress  levels 
consistent  with  the  tensile  strength,  and 
the  fractures  were  100%  shear.  Further¬ 
more,  this  100%  shear  is  consistent  with 
the  observed  critical  shear-lip  thickness 
in  H-ll  of  approximately  0.  020  inch.  The 
Shillelagh,  on  the  other  hand,  is  a  6-inch- 
diameter,  0.  047-inch-thick  case.  Use  of 
the  same  material,  i.e.  ,  H-ll,  would  have 
resulted  in  less  than  optimum  shear-lip 
formation,  and  the  toughness  of  the  H-ll  in 
the  0.  047 -inch  thickness  would  have  been 
severely  degraded  from  that  obtained  in 
the  0.  020-inch  thickness  range.  An  actual 
test  of  an  H-ll  0.  047 -inch-thick  specimen 
showed  that  the  fracture  was  approximately 
50  per  cent  flat  even  at  only  -40  F,  con¬ 
firming  the  undesirability  of  using  the  H-ll 
in  th:u  greater  thickness.  Ultimately, 

06AC  was  used  on  the  thicker  SiiUela 
cases,  since  it  was  known  from  earlier 
work  on  D6AC  that  the  critical  shear-tip 
thickness  at  -65  F  was  in  excess  ol  0.047 
inch.  Tests  of  D6AC  ShiUela^t'  cases  were 
earned  out  at  temperature  dowi  o  -85  F 
and  resulted  in  no  premature  or  brittle 
f.i  .res. 

Other  applications  than  pressure  vessels  ob¬ 
viously  are  also  important,  in  the  .irea  oi  conven¬ 
tional  monolithic  armor,  it  has  been  established 
that  tin  prime  property  requisite  for  defeat  of 
projec  tiles  IS  th‘-  armor  hardness.  This  hardness 
leads  to  defeat  of  the  projectile  by  i  ausing  shatter. 
By  any  of  the  tv'«tomary  means  of  evaluating  armor, 
the  effectiveness  ircreases  vkitli  hardness  up  to  a 
given  point  and  then  falls  viith  continued  increase  in 
hardness.  This  limit  corresponds  to  the  point  at 
which  the  armor  itself  is  so  bn. tie  that  it  shatters 
up -n  impact.  Obviously,  the  problem  then  is  to 
provide  greater  toughness  at  the  desired  high 
Btrrn_g^th  levels.  This  is,  of  course,  a  problem 
•  References  are  given  on  pagr,!i. 


common  to  other  applications  and  is  the  primary 
drawback  to  the  trend  toward  use  of  higher  and 
higher  strength  materials.  Inadequate  toughness 
usually  associated  with  the  higher  strength  materi¬ 
als  frequently  forces  a  backing  down  on  strength 
level  to  achieve  adequate  toughness.  This  optimi¬ 
zation  of  toughness  and  hardness  is  the  function  of 
the  team  composing  the  designer,  metallurgist, 
and  materials  engineer. 

Major  inroads  are  being  made  currently  in  the 
development  of  lightweight  composite  armor  con¬ 
sisting  typically  of  a  brittle  ceramic  facing  tile  and 
a  tough  back-up  material.  Although  detailed  data 
are  classified,  we  can  state  that  marked  weight 
reductions  have  been  achieved  using  such  facings 
as  boron  carbide  or  alumina  with  various  metallic 
and/or  plastic  and/or  composite  back-up  plates. 
Although  a  detailed  understanding  of  the  mechanism 
of  projectile  defeat  is  still  unclear,  it  does  seem 
clear  that  the  acoustic  impedance  mismatch  is  an 
important  parameter.  Here  then,  it  is  obvious 
that  the  material  properties  E,  and  p  play  a  signifi¬ 
cant  role  as  might  b»’  expected.  Hi^  h-toughness 
steels  may  find  applications  as  a  back-up  material. 

Having  discussed  the  armor  properties  require¬ 
ments,  we  now  play  the  war  game  tactic  of  chang¬ 
ing  hats  and  wear  the  hat  of  projectile  designer. 

How  do  we  prolong  the  usefulness  of  the  projectile? 
As  indicated  above,  at  certain  armor  hardnesses- 
(and  at  critical  speeds),  the  projectile  is  defective 
by  shattering.  What  are  the  ch  .racteristics  perti¬ 
nent  to  the  shattering  process^  .Again,  with  some 
degree  of  vagueness,  we  associate  shatter  with  in¬ 
adequate  damping  of  reflected  stress  waves,  multi¬ 
ple  forking  of  the  crack  fronts,  and  inadequate 
toughness. 

Finally,  we  have  a  whole  g.imut  of  applications 
ranging  from  light  vehicles,  tractors,  and  tanks,  to 
aircraft,  launchers,  missiles,  and  anchorage 
devices  for  mooring  water-borne  <ir.d/or  sub¬ 
merged  structures.  Each  may  have  its  unique  re¬ 
quirements  on  strength,  toughness,  stiffness,  and 
susceptibility  to  corrosion. 

We  have,  then,  identified  various  specific  .i  * 
well  as  classes  of  applications  of  high-strength 
steels  (occasionally  identifying  other  properties 
which  come  into  prominence  in  special  cases)  but 
have  emphasized  only  one  primary  problem, 
namely,  "brittle  behavior",.  There  are,  of  course, 
other  problems  associated  with  the  use  of  high- 
strength  steels  per  se  ,  and  very  briefly  we  indi¬ 
cate  a  few  of  these  problem  areas  that  relate  to 
design  considerations. 

First,  we  appreciate  (hat  as  the  strength  level 
o!  steels  increases,  the  th..kness  is  naturally  de¬ 
creased  if  one  IS  to  take  .'idvanlage  of  the  weight 
decrease  potentially  derivable  therefrom.  But  as 
thicknesses  go  down,  there  is  a  transition  in  the 
failure  mode  from  flow  or  fracture  tc  an  instability 
or  buckling  failure.  Buckling,  at  least  of  the  elas¬ 
tic  variety,  ir  governe*'  predominantly  by  elastic 
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modulus  atid  geometry-- particularly  the  thickness— 
for  curved  sheet,  such  as  in  motor  cases,  the  R/t 
(radius  to  thickness)  ratio;  decreasing  the  thick¬ 
ness  jvould  naturally  lead  then  to  a  greater  suscep¬ 
tibility  to  this  mode  of  failure. 

Even  outside  of  the  buckling  problem  «  Ine 
strength  level  of  usable  materials  increases  an< 
tliicknef/Ses  become  less,  one  runs  into  the  diffi¬ 
culty  of  excessive  deflections,  associated  "softness", 
and  natural  frequency  shifts  which  may  have  c.gnifi- 
cant  effects  on  t’  ^  dynamic  behavior  of  a  system. 

So  much,  however,  for  this  slight  diversion  to 
other  problem  areas;  we  now  return  to  the  main 
thread  of  our  discourse  and  ask  in  effect,  "What 
has  been  and  what  is  being  done  to  provide  aolution^^ 
for  the  principal  problem  of  brittle  behavior?" 

Solutions 

Most  studies  of  the  brittle  behavior  problem 
are  directed  either  at  providing  an  interim  design 
and/or  specification  solution  or  at  the  more  basic 
approach  aimed  at  providing  a  better  fundamental 
understanding  of  the  fracture  process. 

It  has  been  reasonably  well  established  that 
the  more  important  factors  affecting  brittle  be¬ 
havior  include  the  stress  state  and  history,  the 
geometry  (though  the  influence  of  geometry  is  felt 
principally  through  its  effect  on  the  stress  state), 
the  material,  the  temperature,  and  inspection 
procedures  and  limitations. 

Conventional  design  procedures  wldch  were 
based  upon  proportioning  section  sizes  to  the  loads 
such  that  stress  levels  were  constrained  to  not  ex¬ 
ceed  the  yield  strength  were  unsatisfactory.  Brit¬ 
tle  failures  occurred  at  nominal  stress  levels 
sigr* ^icanrly  below  the  yield  strength  and,  in  fact, 
low  mperaturea  which  led  to  higher  yield  strength 
aggravated  Che  tendency  to  brittle  behavior  and  in¬ 
creased  the  discrepancy  between  the  yield  strength 
and  the  livi  nominal  stresses  in  the  component  at 
fail  ore. 

Rec  v)|Emtion  of  the  transitional  behavior  of 
steel  from  tough  to  brittle,  with  temperature  pro¬ 
vided  gr«at  impetus  to  a  series  of  interim  preven¬ 
tative  design  procedures.  Principal  early  effort 
1C  "he  Army  was  aimed  at  the  development  of  the 
-notch  Charpy  bar  and  da  incorporation  into 
(Tubtary  specifications  for  high-strength-steel 
cuimponents.  The  Charpy  test  combined  smaliaess 
a.;  specimen  sia.*,  with  ease  of  tcsting--even  over 
a  wide  range  of  temperatures  and  strain  rates; 
two  principal  observations  derived  from  such  tests: 

(  a)  the  energy  absorption,  and  (b)  the  fracture  ap¬ 
pearance.  For  apecification  purpv  ses  a  table  of 
Charpy  values  (at  -40  F)  versus  strength  level  pro¬ 
vided  numerical  acceptance  levels.  These  values 
were,  however,  selected  principally  upon  baaia  of 
experience  with  "well  heat-treated  ateels"  of  the 
contempor..ry  vintage  ami  had  no  sound  quantitative 


relation  with  design  criteria.  Nevertheless,  the 
"V"-notch  Charpy  specimen  did  provide  a  most 
useful  tool  for  the  evaluation  and  relative  rating 
of  differen*  materials.  In  fact,  it  correlated  ex¬ 
tremely  well  with  the  service  performance  of  some 
components,  e. g.  ,  armor  plate. 

More  recently,  in  the  light  of  studies  which 
have  led  to  a  better  understanding  of  the  fracture 
process  ,  the  Charpy  specimen  is  again  being 
St  idled  ir  greater  detail.  It  has  been  suggested 
nat  th>:  Tharpy  bar  be  used  in  a  more  sharply 
note  ''  '  lashion  than  normally  employed  in  the 
classical  "V "-notch  specimen.  Some  current 
stvdn  "  ..,>loying  fatigue-cracked  Charpy 
b<  s  It  being  considered  more  representative  of 
the  "worst"  possible  notch  condition.  Such  fatigue 
cracks  tciid  also  to  simplify  the  possibility  of 
measuring  plane-strain  fracture  toughness  accurate¬ 
ly.  One  prir''ipal  disadvantage  of  th<*  current  use 
of  Charpy  specimen  lies  in  its  limitation  with 
respect  to  thickness  variation;  very  thin-sheet 
specimens  buckle  prematurely  and  are  not  easily 
tested  as  individual  specimens.  Further,  the 
specimen  is  so  shallow  that  only  exceptionally  does 
a  steady  state  fracture  mechanism  come  into 
play;  rather,  it  seems  the  Charpy  bar  leads  to  a 
complex  closely  spaced  sequence  of  failure,  each 
of  which  is  governed  by  locally  different  boundary 
conditions.  This  is  evidenced,  for  example,  by 
the  frequently  observed  variation  of  shear  lip  along 
the  fracture  path.  It  would  seem  desirable,  in 
order  to  make  any  use,  say,  of  the  constant  shear- 
lip  concept,  that  a  steady  state  situation  prevail 
at  least  for  a  recognizeable  length  along  the  frac¬ 
ture  path.  In  the  conventional  Charpy,  one  meas¬ 
ures  the  accumulated  effect  of  (a)  the  initiation 
energy,  (b)  the  varying  propagation  energy,  if  the 
speed  is  varying  and  the  material  is  rate  sensitive, 
(c)  the  termination  energy,  and  (d)  residual  losses 
such  as  residual  kinetic  energy  and  load  indenta¬ 
tion  energy. 

Typically,  the  toughness  of  sheet  steel  in¬ 
creases  with  thickness  up  to  s  definite  thickness 
level  (the  critical  thickness,  which  is  related  to 
the  critical  shear-lip  thickness),  and  theo  de¬ 
creases  approaching  assymptotically  th'  ;  lane- 
strain  fracture  toughness  usually  desi:  .  .'d  Gj^.. 

It  has  been  suggested^^)  that  the  shear-lip 
width,  as  obtained  in  a  Charpy  specimen,  may  be 
used  ae  a  quantitative  basis  for  deriving  the  thick¬ 
ness  influence  on  fracture  toughness.  Such  an 
approach  stems  from  the  critical  shear-tip  con¬ 
cept  and  leads  to  calculated  thickresr  effects  which 
follow  closely  the  observed  trends.  This  critical 
shear-lip  concept  is  not  restricted  to  the  Charpy- 
type  specimen  hut  rather  mav  hr  annl'r.^ 
of  the  common  notched  flat-sheet  specimens.  The 
precise  conditions  under  which  this  concept  is 
valid  are  not  comphttely  understood,  however;  and 
urlil  a  considerably  greater  understanding  of  the 
lip  formation  process  is  on  hand,  this  scheme  can, 
at  most,  be  utilized  only  as  another  interim  proce¬ 
dure  or  guide  for  material  selection. 
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It  is  significant  to  note  that  if  one  takes  into 
account  the  shear-lip  thickness  dependence  upon 
temperature  ,  then  one  can  derive  this  characteristic 
shape  of  the  toughness-temperature  curve.  Of 
course,  in  such  an  approach,  it  is  assumed  that  the 
transition  is  associated  solely  with  the  geometric 
proportions  of  shear  lip  and  flat  fracture,  and  in 
this  sense,  represents  only  the  geometry  sensitive 
aspect  of  the  transitional  behavior.  If,  however, 
the  crystallographic  mode  of  fracture  changes  with 
temperature,  or  if  a  phase  change  occurs  in  the 
temperature  range  in  question,  then  these  effects 
would  have  to  be  independently  considered. 

One  interesting  conclusion  which  the  critical 
shear-lip  concept  does  lead  to  is  that,  though  high 
toughness  levels  are  not  readily  achievable  in  bulk 
(thick)  material,  if  this  bulk  can  be  achieved  by 
means  of  laminating  thin  sheets,  each  of  which  is 
of  the  critical  shear-lip  thickness,  then  maximum 
toughness  levels  corresponding  to  plane  stress  can 
be  achieved. 

The  Charpy  approach  and  the  critical  shear-lip 
approach  are  but  two  efforts  to  provide  an  interim 
design  tool  and/or  specification  level  to  minimize 
risk  of  brittle  fracture. 

Major  recent  contributions  to  the  understanding 
and  prevention  of  brittle  fracture  stem  from  two 
initially  divergent  paths  which  now  appear  to  be 
more  intimately  meshing.  One,  the  "fracture 
mechames"  concept  is  based  upon  the  Griffith 
"crack"  and  has  been  promulgated  principally  by 
Irwin.  The  other  is  the  "continuum  mechanics" 
approach. 

The  fracture  mechanics  approach  stems  from 
the  point  of  view  that  all  materials  have  idealized 
cracks  (flaws)  and  that  by  means  of  the  Gnffith- 
type  instability  criterion,  one  can  calculate  the 
"critical"  condition  under  which  this  "crack"  will 
propagate.  Considerable  controversy  is  evident  in 
th«  literature  as  to  the  validity  of  such  a  criterioi> 
as  applied  to  materials  which  exhibit  some,  though 
slight,  ductility  at  the  crack  tip.  Principal  opposi¬ 
tion  stems  from  the  basic  thought  that  the  Griffith- 
Irwin  criterion  is  a  necessary  but  not  sufficient 
condition  for  propagation  and  that  energy  barriers, 
e.g.  .  initiation  energy,  may  thwi.rt  the  satisfaction 
of  the  Gnffith-Irwin  criterion.  Principal  additional 
deficiency  of  th«*  Griffith-I rwin  concept  was  the  in-* 
adequacy  of  the  treatment  of  the  ela stic -pla Stic 
zone.  Karly  thrusts  of  the  Griff ith-Irwin  approach 
were  aimed  at  essentially  by  passing  this  problem 
by  (a)  considering  the  pl.i'tic  zone  small  relative  to 
the  specimen  dimension  so  that  the  zone  was  "con¬ 
tained"  in  an  elastic  field,  and  thus,  that  the  ste^--- 
were  essentially  elastic;  and  (b)  assuming  the  size 
of  the  piastii  zone  determined  by  the  elastic 

analy-  s.  The  early  development  o:  the  \STM  sug¬ 
gestion  for  fracture  testing  which,  lor  the  great 
p.irt,  reflected  the  Gnffith-Irwi:,  approacn,  rrrog- 
niz(  '  tV.-se  limitations  Si:t  try-uassed  tiiCm,  Ob' 
viously,  '1  inronsiBitnc’e j  followed  and  inter¬ 


pretation  of  the  significance  of  various  empirical 
approaches  quickly  changed  day  by  day  as  new 
inconsistent  observations  were  noted  and  new 
empirical  approaches  were  tried.  Review  of  a 
single  page,  for  example,  of  the  "Fifth"  special 
ASTM  Committee  Report  on  Fracture  Testing  re¬ 
veals  no  less  than  four  reversals  of  procedure 
previously  proposed.  Three  of  these  can  be 
attributed  to  complete  arbitrariness  in  assump¬ 
tions  used. 

It  would  seem  desirable  to  build  a  solid  foun¬ 
dation  for  our  study  of  the  mechanics  of  fracture. 

A  realistic  study  of  the  ciastic -plastic  zone  and  its 
effect  on  "real  cracks"  is  necessary.  Perhaps  we 
need  to  re-examine  our  concept  of  the  necessity  of 
an  "ideal  crack".  Are  not  many  of  our  applications 
such  that  a  finite  radius  notch  or  filleted  corner 
the  governing  geometric  factors  rather  than  the 
extreme  "crack"?  It  is  true  that  the  "crack" 
p-ovides  a  conservative  approach,  but  by  the 
same  token,  it  is  overly  severe  and  leads  to  ex¬ 
cessive  weig.i  or  superfluous  safety  factors 
exacted  at  the  expense  of  flexibility  in  choosing 
from  a  broader  selection  of  materials. 

From  the  long-range  point  of  view  ,  li  would 
seem  necessary  to  determine  the  point  fracinre 
criterion:  for  after  all,  fracture  is  a  point-ly- 
point  process.  We  ought  to  strive  for  the  abiUty 
to  evaluate  the  point  fracture  toughness  and  see  if 
there  are  characteristic  toughness  levels  associa¬ 
ted  with  various  macroscopic  and  microscopic 
modes  of  fracture.  Is  fracture  a  necking  process-- 
even  brittle  fracture  (on  a  much  finer  scale)?  Is 
fracture  associated  with  the  "exhaustion  of  duc¬ 
tility"  concept?  Hopefully,  answers  to  these  ques¬ 
tions  will  lead  us  closer  to  a  rational  design  con¬ 
cept  to  minimize  brittle  behavior  by  sage  selection 
of  material  and  a  knowledge  of  fracture  criteria. 

But  aside  'ro.n  the  material  8'*lection  approach, 
there  are  other  approaches  one  might  adopt.  More 
immediate  solutions  to  the  brittle  bchavio,'  prob¬ 
lem  he  in  the  utilization  ol  tools  already  available 
but  all  too  frequently  left  unused.  Stress  analysis 
must  be  cond.'cted  on  a  much  more  subtle  level 
than  IS  customary.  Detailed  actual  stress  distribu¬ 
tion  must  be  experimentally  determined  ir  regions 
of  discontinuities.  For  very  high'^trength  or  low¬ 
toughness  materials,  the  effects  of  surface  finish, 
i.e.  ,  scratches,  must  be  watched  with  care. 
Scratches  ordinarily  considered  acceptable  or  ig¬ 
nored  may  drastically  degrade  the  structural  integ¬ 
rity  of  the  part.  Design  innovation  is  desirable  to 
tra  sform  critically  stressed  tensile  regions  to 
co.  ipression,  or  ideally  to  induce  or  eliminate 
local  geometric  ntre»»  conrrnf ration.  Pi:. illy, 
one  might  attempt  to  design  the  component  such 
that  crack  propagation  is  arrested  by  structural 
reinf'  rcement  prior  to  the  functional  failure  of  the 
component.  Studies  of  plastic  pressure  vetaels 
have  demonstrated  the  arrest  capability,  for  exam¬ 
ple,  of  circumfer f ntiai  ring  stiffeners  in  a  pres- 
c'lrized  cylinder. 
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Thus,  we  observe  that  complete  design  against 
brittle  fracture  involves  not  only  consideration  of 
the  material,  the  temperature,  and  inspection  tech¬ 
niques,  but  also  to  a  major  degree  requires  a  de¬ 
tailed,  precise  determination  of  the  stress  state 
influenced  by  load  history,  load  distribution,  and 
the  geometry  of  the  component. 

Summary 

Summing  up,  we  have  described  a  number  of 
applications  of  high-strength  steels  and  have  em¬ 
phasised  the  primary  problems  associated  with  its 
use— brittle  behavior.  We  have  outlined  briefly 
several  interim  techniques  which  are  used  to 
minimize  the  risk  of  brittle  behavior  and  have  sug¬ 
gested  several  directions  which  are  being,  or  should 
be,  followed  in  our  further  research  to  provide  a 
firm  foundation  for  the  understanding  and  subsequent 
prevention  of  brittle  fracture. 

U.  S.  Navy 

(G.  M,  Yoder,  Bureau  of  N»val  Weapons,  Materials 
Branch,  Washington,  D.  C. ) 

The  prospective  usage  of  steels  at  very  high 
strength  levels  in  Navy  equipment  depends  largely 
on  the  resolution  of  problem  areas,  many  of  which 
have  been  indicated  by  prior  speakers. 

The  problems  with  high-strength  steels  can  be 
summarived  in  a  very  few  words— the  threat  of  un¬ 
predictable  and  unexpected  failure.  Such  failures 
stem  from  a  number  of  causes,  including  operator 
judgment  and  unavoidable  over  loads,  materials 
and  proceosing  deficiencies,  and  deterioration  with 
time  of  exposure  to  operating  envirenments.  Our 
immediate  concern  is  limited  to  materials  and 
design  deficiencies  and  deterioration  in  service, 
which  singly  or  in  combination  may  cause  failure  at 
stresses  below  design  stresses. 

The  classical  approach  was  U  design  on  the 
basis  of  the  yield  or  tensile  strength  of  the 
material.  These  properties  are  readily  determined 
from  simple  tests  on  specially  prepared  specimens 
and  were  successfully  employed  to  predict  the  load¬ 
carrying  capacity  of  structures  as  long  as  the 
other  properties  were  in  balance;  specifically,  if 
the  toughness  level  was  high  enough  to  render  the 
steel  relatively  inunune  to  the  effects  of  stress  con¬ 
centrations  at  materials  discontinuities.  In 
r  aponse  to  the  demand  for  ever-liigher  perform¬ 
ance,  design  strengthe  have  been  raised  in  specific 
areas  to  the  highest  strength  levels  attainable  with¬ 
in  the  commercial  processing  state  of  the  art.  Little 
consideration  was  given  by  designers  to  the  attendant 
reduction  in  toughness  because  experience  had  not 
warned  us  that  tltis  defic’ency  would  become  a  major 
problem  area. 

The  inadequacy  of  the  classical  design  approach 
was  dramatically  illustrated  by  the  catastrophic 
failures  of  sliins  structures  during  World  War  IL 


Analyses  of  these  fractures  and  the  experimental 
investigations  which  ensued  focused  attention  on 
the  importance  of  a  materials  ability  to  arrest  the 
development  of  a  crack-like  defect  at  the  minimum 
operating  temperature  of  the  particular  structure* 

The  increased  usage  of  ultrahigh-strength 
steel  has  madr  Jie  problems  of  structural  relia¬ 
bility  and  notch  sensitivity  acute  in  many  applica¬ 
tions.  One  well  documented  failure  at  stresses 
far  below  design  strength  concerned  a  0.080-inch 
sheet  part  in  a  new  airframe  undergoing  structural 
static  load  tests.  Strain  gages  located  near  the 
fracture  indicated  a  general  stress  at  fracture  of 
approximately  34,000  psi,  roughly  12  per  cent  of 
the  anticipated  breaking  stress  of  280,000  psi 
specified  by  the  designer  and  confirmed  by  the 
usual  Rockwell  hardness  test.  The  fracture  re¬ 
vealed  the  pre -existence  of  a  partial  crack  approxi¬ 
mately  0.  017  inch  in  depth  by  0.  080  inch  in  length, 
so  oriented  that  only  the  0.  017  dimension  opened 
to  a  surface  exposed  for  inspection  by  conventional 
techniques.  The  flaw  was  not  detected. 

This  fracture  may  be  attributed  to  disregard 
of  the  notch  sensitivity  of  the  steel  to  manufac¬ 
turing  methods  and  workmanship  which  caused  the 
pre-existing  crack,  and  to  failure  of  inspection 
to  disclose  the  presence  of  a  crack  of  unstable  sice. 
Tcere  is  every  reason  to  believe  that  this  identical 
part— including  the  pre-existing  crack— would 
have  withstood  much  higher  loads  if  heat  treated 
to  an  intermediate  yield  strength  level. 

Another  area  in  which  strength  levels  were 
advanced  beyond  the  point  of  diminishing  returns 
concerns  wires  used  in  the  construction  of  air¬ 
craft  shipboard  arresting  cable.  Knowing  that 
multi-axial  stress  patterns  place  heavier  demands 
on  toughness  than  uniaxial  stresses,  one  might 
expect  that  uniaxial  tensile  elements  might  be  less 
susceptible  to  brittle  failure.  However,  on  two 
occasions  wire  rope  laid  up  in  the  conventional 
manner  using  special  processed  very  high-strength 
(380,000)  wires  of  two  distinctly  different  types, 
failed  to  pass  the  qualification  test  requirements 
appUcaole  to  conventional  aircraft  chipboard  arrest¬ 
ing  cable.  The  toughness  of  the  high-strength  wire, 
as  measured  by  torsional  twist  teste,  had  been  re¬ 
duced  only  20  per  cent. 

Notch  sensitivity  is  a  threat  to  the  service  life 
of  a  part  only  when  stress  concentrations  are  pres¬ 
ent  in  localised  areas.  Factors  which  may  cause 
such  localised  concentrations  include  metallurgical 
features  such  as  segregation,  inclusions,  mis- 
orientation  of  slip  systems  between  micro  areas 
(grains),  disturbance  of  the  microstructure  at 
welds,  etc.  Geometric  stress  concentrators  in¬ 
clude  surface  roughness,  discontinuities,  sharp 
corners,  corrosion  pits,  mismatch  of  machined 
surfaces  or  joints.  Design  stress  concentrators 
include  abnqit  changes  of  geometric  section  in 
load-carrying  members,  inappropriate  selection 
of  manufacturing  methods— such  as  the  drillit^  of 
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holeb  in  fully  hardened  parts— and  methods  of  ap¬ 
plying  protective  coatings,  avoidance  of  contact 
between  electrochemically  dissimilar  metals,  and 
avoidance  of  residual  stresses.  Residual  stresses 
rear  i  surface  nv>y  reduce  fatigue  life  and  promote 
stress-corrosion  cracking.  Cleaning  and  plating 
techniques  can  embrittle  because  of  the  introduction 
of  hydrogen. 

The  designer  must  be  familiar  with  the  above 
factors  and  with  the  limitations  ^nd  capabilities  of 
inspection  techniques.  It  should  be  assumed  chat 
partial  cracks  of  such  size  as  will  escape  detection 
are,  in  fact,  present  on  surfaces  of  parts;  these 
cracks  will  grow  during  the  life  of  a  long-life  struc¬ 
ture,  and  if  pernrutted  to  reach  critical  size,  will 
cause  failure.  The  critical  or  unstable  crack  size 
is  an  important  consideration  in  the  selection  of 
steels. 

The  demands  on  structu'>'al  steels  for  sub¬ 
merged  hulls  for  equipment  such  as  mines, 
torpedoes,  and  submarines  to  operate  at  depths  of 
present  interest,  6000  feet  and  more,  are  beyond 
the  capability  of  HY  80,  which  has  been  the  con¬ 
ventional  hull  steel  since  World  War  II,  Both  the 
propulsion  systems  and  hull  struciares  must  be 
made  stronger.  This  could  be  accon  Ished  at  the 
expense  of  buoyancy  except  that  the  dema..i  for 
operating  range  and  payload  is  also  magmhed  be¬ 
cause  prospective  targets  will  be  saronger  than 
today's  structures.  Ratios  of  collapse  "epth  to 
structural  weight,  or  hull  weight  to  displacement, 
indicate  that  yield  strength  levels  of  ne»t  less  than 
300,000  psi  are  essential.  Submergeo  hulls  are 
subjected  to  multi -axial  compressive  loass*  with 
super-imposed  pulsating  stresses  from  the  propul¬ 
sion  system,  plus  shock  loads  of  uai^ertais  magni¬ 
tude.  We  must  live  with  localized  Kress 
trations  for  a  number  of  reasonb  ,  mclvKHag  tne 
disturbance  of  the  microstructures  idurmg  weldiag, 
and  because  of  surface  irregularities  ^is  w»ll  as 
design  configuration.  The  steel  rnust  be  clear., 
tough,  weldable,  and  reaiatant  to  strike  corrosion. 
Fracture  may  occur  without  warning  and  is  frequent¬ 
ly  catastiophic. 

Deterioration  and  damage  by  curro  stem  and  by 
the  interraction  of  stress  and  corrosion  are  m«)or 
factors  with  respect  to  reliability  and  maintrnaince 
coet.  Corroeion  per  se  ie  the  lesser  ot  the  two 
problems  provided  appropriate  precautioms  are  oH- 
served  in  deaign  ard  manufacture,  Howe'ver, 
methods  of  preclcaning,  applying,  aid  evem  uf  re¬ 
moving  protective  coa tinge  which  have  been  succewe- 
fully  employed  at  lower  etrengtb  levele  embrittle 
Steele  to  a  degree  which  cannot  be  tolerated  at 
high  strength  levele. 

Stress  corroeion  ie  i  particularly  'leidious 
cause  of  cracking  because  pcnet>  ition  rates  can 
reach  higher  levele,  and  there  le  o>o  readily  detec¬ 
table  evidence  of  the  location  or  extent  of  damage 
prior  to  fracture.  It  can  be  a  eerioua  problem  in 
unused  equipment,  in  parte  under  auetained  load* 


such  as  aircraft  landing  gears,  supporting  struc¬ 
tures,  and  around  press-fitted  inserts  in  dissimi¬ 
lar  metals.  It  is  much  more  serious,  however,  as 
a  contributing  factor  toward  failure  of  equipment 
during  service.  There  is  some  indication  that  the 
tougher  steels  now  being  developed  will  be  less 
susceptible.  Various  investigators  have  reported 
a  correlation  between  plane -strain  fracture  tough¬ 
ness  and  resistance  to  attack  by  stress  corrosion. 
However,  more  effective  means  of  prevention  and 
tests  for  detection  of  damage  are  needed. 

Although  our  pursuit  of  higher  strength  levels 
has  led  to  an  intensification  of  a  broad  spectrum  of 
problems,  the  objective--with  some  clarification- 
remains  unchanged.  Higher  useable  strength  is  es¬ 
sential;  in  other  words,  higher  strength  with  tough¬ 
ness  and  weld  'bility  plus  an  acceptable  level  of 
stress  corroE.on  behavior.  Some  advances  have 
been  attained  through  alloying,  improved  melting 
practices  and  hardening  processing.  Our  research 
laboratories  point  to  still  higher  levels  of  strength 
and  toughness  attainable  by  methods  not  yet  adapt¬ 
able  to  production.  To  devise  production  methods 
which  will  take  full  advantage  of  this  knowledge 
may  well  prove  one  of  the  most  difficult  problems 
facing  today's  metallurgists. 
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DESIGN  PARAMETERS  IN  MATERIALS  SELECTION 


by 

George  Gerard* 


SUMMARY 

The  potential  use  of  ultrahigh-atrength  steels 
in  various  struc^'^ral  applications  is  assessed  from 
the  standpoint  o.  i^.inimum  weight  structural  design. 
From  the  data  presented,  the  aerospace,  naval, 
and  other  military  applications  where  ultrahigh- 
strength  steels  have  an  attractive  potential  for 
weight  savings  as  compared  to  other  competitive 
materials  are  identified  and  discussed  in  terms  of 
design  parameters.  In  addition,  the  areas  where 
ultrahigh- strength  steels  are  not  competitive  be¬ 
come  evident  from  the  data  presented. 

As  a  broad  generalization,  attractive  ultrahigh- 
strength  steels  applications  are  related  to  tension- 
load  applications.  Under  tension  loading,  the 
limited  ductility  and  consequent  notch  sensitivity 
of  high-strength  materials  require  meticulous 
attention  in  design  details,  specialized  materials 
testing  and  selection,  and  fabrication  and  inspec¬ 
tion  procedures.  The  various  design  aspects  of 
this  problem  area  are  discussed  in  terms  of  the 
useable  strength  level  of  limited  ductility  materials 
in  the  presence  of  notches  and  cracks, 

LIST  OF  SYMBOLS 

d  diameter 

D  structural  design  index 

?  ductility  ratio 

£  elastic  modulus 

h  height 

k^  elastic  stress  concentration  factor 

m  exponent 

M  bending  moment  or  material  efficiency 

factor 

N  axial  compressive  loading 

p  pressure 

S  structural  strength  or  structural 

efficiency  factor 
w  width 

W  weight  efficiency  factor 

>  density 

^cy  compressive  yield  strength 

^tu  ultimate  tensile  s'  length 

Zq  optimum  solidity 

fi  buoyancy  coefficient 

STRUCTURAL  POTENTIAL  OF 
ULTRAHIGH-STRENGTH  STEELS 

The  basic  objective  here  is  to  .*.ssess  the 
structural  applications  that  could  potentially  benefit 
from  the  use  of  ultrahigh- strength  steels.  In  doing 
so,  a  "design  sciences"  approach  is  utilised  to 
identify  the  efficient  use  of  structural  materials. 
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This  approach,  which  has  been  developed  during 
the  past  two  decades,  permits  one  to  establish  the 
significant  design  parameters  by  which  the  effi¬ 
ciency  of  various  structural  configurations  and 
materials  may  be  evaluated  using  minimum  weight 
as  the  criterion  of  optimum  design.  It  is  an 
analytical  approach  which  provides  optimum  design 
results  directly;  it  does  not  involve  multiple  trial 
and  error  solutions  on  a  computer. 

Aircraft,  spacecraft,  surface  ships,  submarines 
and  other  vehicle  types  are  generally  characterized 
by  the  fact  that  the  configuration,  overall  loads,  and 
leading  dimensions  of  the  structure  are  iipecified 
within  rather  narrow  limits  by  performai  ce  re¬ 
quirements;  aerodynamics  and  hydrodynar.iics, 
launch  loads  and  payloads.  Consequently,  the 
structural  designer  has  some  degree  of  freedom 
within  the  confines  of  the  leading  dimension!  to 
subdivide  the  structure  by  use  of  suitable  stiffening 
systems  to  achieve  a  minimum  weight  design.  He 
also  faces  the  problem  of  efficient  material  selec¬ 
tion  for  the  particular  structure. 

The  design  sciences  approach  synthesizes  this 
statement  of  the  design  problem  through  the  use  of 
certain  design  indices  which  appropriately  combine 
the  external  loads  and  leading  dimensions.  It  then 
utilizes  idealized  structural  configurations  such 
as  stiffened  box  beams  and  stiffened  cylinders  as 
representative  structures  to  establish  optimum 
designs  from  which  the  comparative  efficiencies 
of  various  materials  can  be  evaluated. 

For  our  purposes,  here,  we  shall  not  be  con¬ 
cerned  with  the  analytical  developments  in  this 
area  (see,  for  example.  References  1-5*)  but 
with  the  results  that  can  be  obtained  from  this 
approach.  As  a  broad  generalization,  the  results 
of  various  types  of  minimum  weight  analyses  on 
representative  structures  can  all  be  expressed  in 
the  following  form: 

W  =  SMD"’ 

where:  W  s  weight  efficiency  factor 

S  :  structural  efficiency  factor  (]) 

M  =  material  efficiency  factor 
D  >  structural  design  index 
m  «  exponent  (0<m<I). 

The  weight  efficiency  factor,  W,  can  be  inter¬ 
preted  in  several  different  ways  and  for  our 
purposes  here  is  expressed  in  the  form  of  a  weight/ 
strength  ratio.  The  structural  efficiency  factor, 

S,  is  genr rally  a  nondimens ional  quantity,  whereas 
M  is  generally  a  density/strength  or  density/modulus 
ratio  representative  of  the  material  efficiency.  The 
design  conditions  involving  the  external  loads  and 
leading  dimensions  are  characterised  by  the  struc¬ 
tural  design  index,  D.  Thus,  Equation  (1)  represents 
*  References  are  given  on  page  31. 
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the  interrelationship  ar  long  f'tructures,  materials, 
and  design. 


Box-Beam  Structun 


Surface  ship  hulls,  aircraft  '  tails, 

and  hydrofoil  foils  can  be  chara  an 

idealized  form  as  stiffened  box  .  i*  .er  bend¬ 

ing,  The  longitudinal  stiffenern  ca.  i,  Z,  or 
hat  sections  supported  by  transverse  ribs  at  the 
optimum  spacings.  From  Reference  2,  the 
following  relation  can  be  obtained  (D^/D^  =  1, 

'yj.  =  1)  for  stiffened  box  beams  subject  to  buckling 
of  the  compression  cover. 


Weight  _  pSp 
Strength  M/h-^w 


It  is  to  be  noted  that  Equation  (2)  is  in  the  same 
form  as  Equation  (1)  when  we  identify  the  various 
terms  as  follows:  S  =  2.38,  M  =  p/E  • 

D  =  M/h^w. 


TABLE  1,  PROPERTIES  OF  HIGH-STRENGTH 
SHEET  MATERIALS  USED  IN 
ANALYSIS 


Alloy 

Density 

(P),  pci 

Modulus 
(E),  psi 

Comp. 
Yield 
Strength 
(‘^cy),  ksi 

Magnesium 

0.065 

6. 5  x  10^ 

30 

Aluminum 

0.  105 

10,  5 

80 

Titanium 

0.  165 

16.5 

180 

Steel 

0,285 

28.  5 

225-300 

By  relating  the  design  sciences  results  and  the 
state-of-the-art  index  values  shown  in  Figure  1, 
it  is  possible  to  arrive  at  some  definitive  con¬ 
clusions  concerning  the  efficient  selection  of 
materials : 


While  Equation  (2)  represents  the  stability  lim¬ 
itation  due  to  buckling,  there  is  also  a  strength 
limitation  that  governs  when  the  buckling  strength 
equals  or  exceeds  the  compressive  yield  strength 
of  the  material.  In  this  case,  we  have  the  simple 
relationship 

=  — f —  (3) 

Strength 

Thus  the  material  efficiency  factors  are  M  =  ^A^cy 
when  strength  limitations  govern  and  M  =  ^ 

when  stability  limitations  govern. 

Results  obtained  by  use  of  Equations  (2)  and  (3) 
were  determined  for  various  h  igh-8  trength  sheet 
materials  based  on  the  properties  given  in  Table  1. 
These  results  are  shown  in  Figure  I  in  terms  of 
the  design  index,  M/h^w.  In  the  stability  region, 
the  lower  density  materials  are  more  efficient 
whereas  their  inherent  strength  limitations  cause 
a  reversal  of  roles  in  the  strength  region.  It 
can  be  observed  that  in  the  stability  region,  steel 
is  the  least  efficient  material  of  those  considered 
by  virtue  of  the  highest  value  of  P/E®*^.  In  the 
strength  region,  steel  is  competitive  with  alumi¬ 
num  alloys  at  225  ksi  yield  levels  and  with  titanium 
alloys  at  300  ksi. 

The  preceding  results  are  obtained  from  the 
design  science  analysis.  Now  :t  is  pertinent  to 
relate  these  results  to  the  state-of-the-art  design 
index  values  representative  of  various  types  of 
vehicles.  Such  data  have  been  gathered  from  a 
broad  range  of  actual  designs,  and  for  box-beam 
types  of  structures  characterize  the  maximum 
values  of  the  design  index  at  the  midship  section 
for  sutfdce  ships  and  the  roof  section  of  aircraft 
wings  and  tails.  These  data  are  shown  in  the 
lower  portion  of  Figure  I. 


(a)  For  surface  ship  hulls,  stability  con¬ 
siderations  govern  because  of  their 
relatively  low  index  values  and  the 
lower  density  alloys  are  more  efficient 
from  a  minimum  weight  standpoint. 
Ultrahigh-strength  steels  do  not  appear 
to  have  any  application  here. 

(b)  For  both  subsonic  and  supersonic  wings 
and  tails,  magnesium,  aluminum,  and 
titanium  alloys  are  efficient  as  the 

design  index  value  is  increased.  Ultrahigh- 
strength  steels  above  the  300-ksi  yield 
strength  level  become  competitive  with 
titanium  alloys  on’y  at  the  highest  end 
the  design  index  range. 

(c)  For  the  estii.iated  hydrofoil  foil  range 
shown  in  Figure  1,  alur;.  num  and 
titanium  alloys  appear  to  be  the  most 
efficient  materials  for  this  application. 

It  IS  to  be  noted  that  various  forms  of  Army 
combat  vehicles  aiid  military  bridges  can  be 
represented  by  the  box- beam  category  of  structures 
However,  in  the  absence  of  daU  on  such  structures, 
no  conclusions  can  be  drawn  here  although  it  is 
suspected  that  the  design  index  range  probably 
corresponds  to  the  surface  ship  hull  region. 

Stiffened  Cylinder  Structures 

Aircraft  fuselages,  and  missiles  and  launch 
vehicles  can  be  idealised  as  stiffened  cylinders 
under  bending  and  axial  compression,  respectively. 
The  longitudinal  stiffeners  can  be  I,  Z,  or  hat 
sections  supported  by  similarly  shaped  frames  at 
the  optimum  spacing.  From  References  1  and  4, 
the  following  stability  relation  can  be  obtained  for 
stiffened  cylinders  under  axial  compression: 
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FIGURE  1.  COMPARATIVE  EFFICIENCIES  OF  MATERIALS  IN  STIFFENED  BOX-BEAM 
APPLICATIONS 


Weight 

Strength 


_P£o 

4N/d 


-0.4 

(4) 


Weight  _p£j 
Strength  Zp 


1.5 


.7/13 


(P) 


-6/13 


(5) 


By  comparing  Equation!  (4)  and  (1),  S  =  1.Z5, 

M  =  P/E®.  and  D  =  N/d.  While  S  and  D  are 
different  as  compared  to  stiffened  box  beams, 
note  that  M  is  the  same  for  both  cases.  In  addition, 
the  strength  limitation  is  the  same  as  given  by 
Equation  (3). 

Numerical  results  based  on  the  use  of 
Equations  (3)  and  (4)  in  conjunction  with  the  materi¬ 
al  properties  listed  in  Table  1  arc  displayed  in 
Figure  i.  Also  shown  in  the  lower  portion  of 
Figure  i  is  the  design  index  range  corresponding 
to  the  state-of-the-art  for  aircraft  fuselages 
under  bending  and  missiles  and  launch  vehicles 
under  axial  compression.  It  is  quite  apparent 
that  stability  considerations  govern  the  design  of 
such  vehicles  and  consequently  the  lower  density 
alloys  such  as  magnesium  and  aluminum  are 
efficient.  Ultrahigh-strength  steels  clearly  are 
not  efficient  materials  for  these  applications. 

Pressure  Vessels 


Numer  il  results  based  on  the  use  of  Equations 
(3)  and  (5)  and  Table  1  are  given  in  Figure  3  to¬ 
gether  with  the  current  design  index  range  for 
solid- propellant  rocket  engines,  deep-submergence 
pressure  hulls,  and  ordnance  materiel.  Here  we 
see  that  strength  considerations  play  a  governing 
role  for  all  applications.  Ultrahigh-strength  steels 
and  titanium  alloys  are  competitive  here  and  con¬ 
stitute  the  most  efficient  metallic  materials  in 
this  area. 

Although  we  have  identified  an  application  of 
potential  for  ultrahigh-strength  steels,  we  must 
also  recognise  that  this  is  also  an  area  of  pinrntial 
for  nonmetallic  materials  such  as  filament  wound 
structures.  Typical  weight/strength  ratios  tor 
glass  filament  wound  composites  are  indicated  in 
Figure  3  and  it  an  be  observed  that  these  values 
arc  indeed  attractive. 

Potential  Applications  For 
Ultrahigh-strength  Steele 


Submarine  pressure  hulls,  and  solid- 
propellant  rocket  engines  and  various  ordnance 
materiel  items  can  be  treated  as  pressure  vessels 
under  external  or  internal  pressure,  respectively. 
In  the  strength- limitation  region,  Equation  (3)  is 
valid  for  both  loading  cases.  However,  under 
external  pressure,  stability  limitations  can  occur. 
For  an  1,  Z,  or  hat  frame  stiffened  cylinder 
(L/d  s  1),  the  following  is  obtained  from  Reference 
5: 


From  the  foregoing  analysis,  it  appears  that 
ultrahigh-strength  steels  at  the  30(H(si  yield 
strength  level  have  a  structural  potential  in  the 
following  applications: 


_ Structural _ 

Jeep-submergence  hulls 
rocket-engine  cases 
ordnance  materiel 


_ Loading _ 

compression  -  long  time 
tension  -  short  time 
tension  •  short  time 
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FIGURE  2.  COMPARATIVE  EFFICIENCIES  OF  MATERIALS  IN  STIFFENED  CYLINDER 
APPLICATIONS 
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FIGURE  3.  COMPARATIVE  EFFICIENCIES  OF  MATERIALS  IN  PRESSURE  VESSEL 
APPUCATIONS 


It  muat  be  obaarvad,  however,  that  from  a  cuata  of  the  fabricated  atnicture  may  govcin  the 

minimiim  weight  alandpoint,  titanium  alloyn  and  aelection  of  materiala  for  theae  applicationa.  In 

glaaa  filament  wound  atructurei  do  exhibit  a  Ihia  regard,  ateela  may  ahow  to  aome  advantage 

competitive  edge  on  the  ultrahigh-atrcngth  ateela.  becauae  of  their  lower  coata  in  aheet  form. 

The  competition  -a  aufficiently  cloae  that  minimum 
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Having  identified  ultrahigh- strength  steels  as 
being  potentially  competitive  with  other  materials 
for  deep-sabmergence  pressure  hulU  ,  we  shall 
consider  here  some  of  the  design  factors  retarding 
Its  use  and  some  design  possibilities  for  remo'ung 
such  limitations.  It  is  to  be  noted  that  although 
this  di'^cussion  focuses  on  ultrahigh-strengtn 
steels,  other  competitive  high-strength  materials 
share  many  of  the  same  difficulties. 

The  attainment  of  a  deep- subme  rgence 
capability  for  naval  operations  requires  a  suffi¬ 
ciently  light-weight  pressure  hull  so  that  a  reason¬ 
able  piyload  can  be  carried.  The  hull  structure 
IS  designed  primarily  on  the  basis  of  compressive 
strength  and  is  subject  to  relatively  long-time 
loading  under  cyclic  conditions.  This  design 
problem  is  illustrated  in  Figure  4  in  terms  of 
depih  capability  and  buoyancy  coefficient  which 
reflects  the  buoyancy  of  the  pressure  hull  and 
conversely  the  payload.  It  appears  that  a  buoyancy 
coefficient  of  0.  5  is  a  reasonable  upper  limit  for 
naval  submers ibles . 

One  of  the  important  factors  retarding  the  u- 
of  steels  in  this  application  is  the  insistence  upon 
welding  the  rei,.tively  thick  plates  required  for  the 
pressure  hull.  The  pressure  hull  performs  at 
lease  three  separate  functions:  it  transmits  and 
resists  the  exteri'al  pressure,  it  providi-s  the 
d'  sired  contour,  and  it  provides  the  sealing  function 
and  other  environmental  protection.  The  use  of 
welding  IS  primarily  associated  with  the  sealing 
function  since  the  other  functe  ns  can  be  nandled 
iiidepeiuii  ntly  of  welding.  As  shown  in  Figure  4, 


the  weight  [lenalty  aiisociated  with  the  use  of  weld¬ 
able  steels  such  as  HY  80,  a  yet  to  be  attained 
HY  ISO,  places  a  distinct  limitation  on  a  deep 
submergence  capability. 

There  is  a  design  approach  which  has  beer 
suggestedt^)  and  succejisfully  tested'®*" which 
can  remove  this  limitation.  The  ap  'oach  is  to 
separate  the  three  design  functions  '  le  pressure 
hull  instead  of  incorporating  all  of  the  .  in  a  welded 
monolithic  structure.  By  dividing  the  functions, 
ulli  high- strenr  ch  steel  rings  at  the  300  ksi  yield 
strength  level  can  provide  the  load  transrrassion 
and  cor  curing  function.  On  the  outside,  a  rela¬ 
tively  thin  welded  steel  sheath  chosen  for  its  welda¬ 
bility  rather  than  strength  provides  the  sealing 
function  and  environmental  protection. 

The  weight  penalty  associated  with  the  use  of 
the  welded  sheat  is  relatively  small  and  permits  a 
a  significant  increase  in  deep  subrnerj;ence  capa¬ 
bility.  It  constitutes  a  design  approach  which 
removes  the  limitations  inherent  in  welding  of 
thick  high-strength  heat-treated  plating  and  quite 
possibly  permits  the  use  of  ultrahigh-strength 
steels  in  the  more  immediate  future. 

PRESSURE  VESSELS 

The  use  jf  ultrahigh-strength  steels  in  pressure 
vessel  applications  such  as  solid- propellant  rocket- 
er.gine  cases  and  ordnance  m‘'teriel  has  been  identi- 
iied  as  competitive  with  other  h.gh- strength 
materials.  We  shall  now  examine  some  of  the 
design  factors  retard:. ,g  its  use  and  possible  design 
solutions . 
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One  of  the  major  factors  retarding  the  use  of 
ultrahigh-strength  steels  as  well  as  other  high- 
strength  materials  in  structural  applications  is  the 
loss  of  ductility  as  the  strength  level  increases. 

For  plastic  behavior,  ductility  is  required  to  reduce 
the  stress  concentrations  resulting  from  geometric 
discontinuities  or  fabrication  and  thus  permit  struc¬ 
tural  strength  to  approach  the  strength  of  the  materi¬ 
al  used.  The  problem  is  reasonably  well  recognized 
today  and  areas  such  as  fracture  mechani'^s,  notch 
toughness,  fracture  initiation,  and  fracture  propa¬ 
gation  are  associated  with  various  aspects  of  it.  We 
shall  be  concerned  here  with  the  fracture  initiation 
phase. 

Ductility  Ratio 

In  considering  the  use  of  ultrahigh-strength  ma¬ 
terials,  it  must  bt;  recogni,.ed  that  there  is  an  essen¬ 
tial  difference  between  the  strength  of  tension  struc¬ 
tures  and  the  tensile  strength  of  materials.  A  tension 
structure  inevitably  contains  stress  concentrations 
which  tend  to  reduce  the  structural  strength  from 
the  strength  level  associated  with  the  material. 

The  simplest  representation  of  a  tensile  stru':*- 
ture  is  a  flat  strip  similar  to  the  smooth  tensile 
specimen  used  to  obtain  the  strength  of  a  material, 
but  containing  a  suitable  stress  oncentration.  By 
testing  to  failure  specimens  coTitaiiiing  a  range  ot  e- 
lastic  stress  concentration  factors,  the  plastic  st’-ess 
concentration  factor  can  be  determined.  As  shown  in 
Reference  8,  these  data  can  be  plotted  in  a  form 
which  yields  the  ductmty  ratio  -  a  quantity  which  can 
be  looked  upon  as  a  basic  mec  lanical  property  that 
provides  a  meaningful  measur*  of  ductility  in  a 
"♦’■'1''  ir.  !  sense.  The  ductility  ratio  has  a  value  of 
unity  for  a  completely  brittle  material  and  a  value 
of  lero  for  a  completely  durlile  material. 

Ductility  ratic  data  obt  tined  from  such  tests  on 
various  steels,  titanium  alloys,  and  beryllium  are 
shown  in  Figure  5  in  terms  of  the  strength/  weight 
ratio.  The  data  tend  to  follow  the  line  shown  in  the 


figure  within  10  per  cent  limits  and  thus  reflect  a  con¬ 
venient  strength/weight  ductility  ratio  "law"  that  hard¬ 
ly  could  have  been  anticipated.  Also  shown  in  Figure 
5  is  an  estimate  of  the  improvement  in  ductility  ratio 
that  may  be  associated  with  the  more  recent  hot-work 
and  maraging  ultrahigh-strength  steels. 

Structural  Strength /Weight 

By  use  of  the  data  contained  in  Figure  5,  calcu¬ 
lations  can  be  made  to  estimate  the  influence  of  duc¬ 
tility  and  stress  concentrations  upon  structural 
strength/weicht  as  compared  to  material  strength/ 
weight.  Following  the  analytical  procedures  of  Refer¬ 
ence  8,  the  results  preset  d  in  Figure  6  are  obtained 
where  structural  strength /^weight  is  plotted  as  a  func¬ 
tion  of  material  strength/ weight  for  various  referenc' 
values  of  the  elastic  strers  concentration  factor,  kp. 

It  is  most  interesting  to  observe  that  for  each 
value  of  k^,  the  structural  strength  reaches  a 
maximum  and  then  declir  es  with  further  increases 
in  the  material  strength/ we ight  ratio.  This  result 
is  associated  with  the  reduced  ductility  as  the 
strength  level  of  the  matir’al  is  increased.  The 
results  shown  in  Figure  6  indicate  that  there  is  an 
optimum  for  each  elastic  stress  concentration 

at  which  S/p  has  a  maximum  value.  Departures  to 
either  side  of  this  strength  level  result  in  a  decrease 
in  structural  strength. 

In  order  to  confirm  these  predictions,  exten¬ 
sive  sharp  notch-test  data  on  various  steel  sheet 
materials  from  Reference  9  are  shown  in  Figure  7. 
Also  shown  is  the  predicted  trend  based  on  the  use 
of  Figure  5  and  the  analysis  of  Reference  8.  It 
can  be  obt.erved  that  the  trend  is  predicted  with 
reasonable  accuracy  particularly  in  terms  of  the 
existence  of  a  maximum  S/p  .  For  very  sharp 
notches  (k^  =  17),  it  is  evident  from  F  igure  7  that 
the  optimum  -'f^/p  *ur  materials  is  tt  the  ordet 
of  0.  8  X  I0<>  (psi/  pci)  or  approximately  ksi 
ultimate  tensile  strength  for  steels. 
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FIGURE  6.  STRUCTURAL  STRENGTH/ WEIGHT  AS 
A  FUNCTION  OF  MATERIAL  STRENGTH/WEIGHT 
FOR  VARIOUS  ELASTIC  STRESS  CONCENTRATION 
FACTORS 

Design  Guidelines 

The  results  presented  in  Figure  6  can  be  synthe¬ 
sized  to  provide  some  approximate  guideline  {or  the 
use  of  ultrahigh-streugth  steels  in  tension  structures. 
By  using  the  elastic  stress  concentration  factor  as  a 
reference  value  which  characterizes  the  efficiency  of 
the  structural  design  and  its  fabrication,  the  results 
shown  in  Figure  S  are  obtained  from  Figures  S  and  6. 
On  the  left  scale ,  the  optimum  tensile  strength  of 
steel  and  the  associated  maximum  attranable  struc¬ 
tural  strength  levels  are  shown.  On  the  right  scale, 
Jie  mi.^4num  required  ductility  in  per  cent  for  a  given 
elastic  stress  concentration  factor  is  shown.  It  is  tc 
be  noted  that  as  shown  in  Reference  8,  the  ductility  is 
associated  with  the  zero  gage-length  fracture  strain. 

The  results  shown  in  Figure  8  are  presented  in 
terms  of  the  elastic  stress  concentration  factor,  k«, 
because  it  is  believed  tnat  this  factor  can  provide  a 
meaningful  characterisation  of  the  efficiency  of  the 
structural  design  and  fabrication.  For  example,  the 
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FIGURE  7.  COMPARISON  BETWEEN  NOTCH  TEST 
DATA  AND  PREDICTED  TREND  FOR  Si  EELS 

maximum  insulting  from  geometric  discontinuities 
in  the  structure  can  be  established  analytically  -ir  by 
experimental  techniques  such  as  photoelasticity, 
strain  gages,  or  coatings.  The  stress  concentrations 
arising  from  fabrication  auch  as  tolerance  mismatches 
or  the  minimum  detectable  flaw  size  can  also  be  rep¬ 
resented  in  terms  of  effective  elastic  stress  concen¬ 
tration  factor.  Thus,  ke  can  be  used  aa  a  basic  design 
parameter  tc  character!  re  the  efficiency  or  quality  of 
the  structural  design  and  fabrication. 

It  is  for  this  reason  that  the  horizontal  scale  of 
Figure  8  :s  omewhat  arbitrarily  divided  into  three 
"quality"  regions  as  follows; 
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Those  regions  are  to  be  looked  upon  as  conceptual 
rather  than  quantitative  at  this  stage  of  development 
and  were  selected  primarily  for  the  purposes  of  pro¬ 
viding  some  guidelines  as  to  the  mii^mum  ductility 
that  is  required  in  each  of  these  regions. 
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In  the  Quality  C  region  which  is  associated  with 
stress  concentration  factors  greater  than  8,  struc¬ 
tural  strength  levels  of  approximately  200  ksi  can  be 
realized  using  240-ksi  ultimate  tensile  strength 
steels  of  adequate  ductility.  A  rough  estimate  of  the 
minimum  required  zero  gage-length  ductility  is  ap¬ 
proximately  30  per  cent  as  indicated  in  Figure  8, 

For  this  region,  it  is  anticipated  that  rather  routine 
aerospace  design  and  fabrication  techniques  can  be 
employed  because  of  the  relatively  large  ductility 
requirements. 

The  Quality  B  region  requires  rather  carexul  de¬ 
sign  and  fabrication  techniques  to  achieve  elastic 
stress  concentration  factors  in  the  3  to  8  range.  For 
k^  =  3  and  10  per  cent  zero  gage-length  ductility, 
250-ksi  structural  strength  levels  appear  to  be  attain¬ 
able  with  300-ksi  ultimate  tensile  strength  steels. 

Meticu'ous  design  and  fabrication  techniques  are 
required  to  operate  in  the  Quality  A  region  because 
of  the  relatively  low  stress  concentra  .on  factors  as¬ 
sociated  with  this  region.  The  required  ductility  val¬ 
ues  become  quite  low  and  the  structural  strength 
level  reflects  a  dangerous  sensitivity  to  small  chang¬ 
es  in  Jtress  concentration.  These  tentative  conclu¬ 
sions  are  based  upon  the  iTiain  trend  line  shown  in 
Figure  5,  It  is  believed  that  a  significant  improve¬ 
ment  in  this  picture  can  be  realized  with  the  newer 
hot-work  and  managing  steel  for  which  an  e'jtimate 
of  improvement  in  ductility  is  shown  in  Figure  5. 

Easing  the  Limitations 

Having  identified  some  of  the  design  parameters 
retarding  the  use  of  ultrahigh-strength  steels  and 
other  high-strength  materials,  we  turn  now  to  some 
approaches  which  can  ease  the  curr  ent  limitations. 
These  approaches  involve  structurxl  design,  strur- 
lursl  fabrication  And  testing,  and  ihe  development 
of  materials. 

It  is  quite  obvious  from  Fi^^ure  8  that  the  struc¬ 
tural  designer  must  strive  to  reduce  stress  concen¬ 
trations  in  order  to  achieve  maximum  structural 
strength  levels  compatible  with  the  materials  selec¬ 
ted,  If  relatively  low  stress  concentration  factors 
cannot  be  achieved,  there  is  obviously  no  point  in 
using  ultrahigh-strength  materials.  In  fact,  their 
use  could  lead  to  tower  structural  strength  than  by 
use  of  a  lower  strength,  more  ducUtC  material. 

Minimum  detectaMe  fabrication  flaws  should  be 
evaluated  in  terms  of  an  effective  elastic  stress 
concentration  factor.  Flaws  of  small  length  rela- 
tivtt  to  the  sise  of  the  structure  are  not  necesearily 
associated  with  high  stress  concentration  values  as 
indicated  in  Reference  10.  Consequently,  ‘.hey  can 
be  related  to  the  Quality  regions  shown  in  Figure  • 
together  with  the  structural  design  values  of  k«. 

In  connection  with  the  UmitaUons  imposed  by 
stress  concentrations,  do  not  overtest.  The  data 
shown  in  Figure  7  were  obtained  from  severely 
notched  specimens  with  a  k^  a  17.  It  is  apparent 
from  Figure  7  that  if  this  value  of  is  truly  rep- 
rescoiauve  oi  the  etructwrai  appiication,  only  an 
upper  structural  strength  level  of  approximately 
200  k St  <C.7  K  10*  psi/pct>  coc  be  reaUreO  regard¬ 


less  of  the  tensile  strength  of  the  steel  used.  This 
test  procedure  obviously  restricts  the  . '  ructural 
design  to  the  Quality  C  region  and  clc  ily  can  rep¬ 
resent  an  example  of  overtesting. 

With  regard  to  the  development  of  materials, 
it  is  quite  apparent  that  improvements  in  the  zero 
gage-length  ductility  particularly  in  the  Quality  A 
and  B  regions  are  to  be  welcomed.  More  impor¬ 
tantly,  perhaps,  is  the  concept  that  optimum  heat- 
treatment  procedures  should  not  be  based  upon 
achieving  the  highest  ultimate  tensile  strength  of 
the  material  but  upon  achieving  the  highest  tensile 
strength  for  an  elastic  stress  concentration  repre¬ 
sentative  of  the  Quality  region  of  interest.  This 
concept  which  accounts  for  ductility  and  its  effect 
upon  stress  concentrations  could  lead  to  an 
effective  increase  in  the  structural  strength  level 
of  existing  ultrahigh-strength  steels. 
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EFFECT  OF  PRIMARY  PROCESSING  ON  ULTRAHIGH-STRENGTH  STEELS 


by 
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To  properly  discuss  the  primary  processing 
variables  that  affect  the  properties  and  performance 
of  the  many  ultrahigh-strength  steels  would  involve 
much  more  time  than  we  wish  to  spend  today.  As 
an  alternative,  a  description  of  a  few  outstanding 
examples  might  offer  some  insight  into  the  power* 
ful  effects  of  these  variables  without,  we  hope, 
boring  you  with  too  much  detail.  Examples  will  be 
cited  of  work  in  our  laboratories,  and  that  of  others, 
with  respect  to:  (1)  a  change  in  primary  processing 
that  was  made,  {2)  its  effect  on  product  quality  or 
properties  in  both  research  st\idies  and  routine  in¬ 
spection  of  multiple  heats,  and  (3)  where  available, 
actual  components  in  which  its  effect  on  perform¬ 
ance  or  reliability  has  been  demonstrated. 

In  accumulating  these  data,  statistical  quality 
control  tests  from  large  quantities  of  steel  v^ere 
used  when  available  to  more  accurately  define  the 
effects  of  primary  processing.  It  is  well  recog¬ 
nized  that  comparisons  of  a  few  sa.nple  bars  or 
sheets  may  or  may  not  be  representative  of  pro¬ 
duction  quantities  due  to  the  statistical  variations 
involved.  Since  the  large  quantity  data  were  eces- 
sarily  collected  over  a  span  of  years,  they  f  not 
always  include  the  notch  tests  of  more  rece  .  \- 
terest;  however,  notch-toughness  data  on  r  itity 
production  are  included  in  the  paper  wiu  le  avail¬ 
able.  Incidentally,  fracture  toughness  are 

still  not  found  in  many  specifications  <  need 
for  their  statistical  evaluation  in  produ<  '  quan¬ 
tifies  is  indicated. 

The  conference  objective  of  ^25-ksi  minimum 
yield  strength  also  limited  the  number  of  compari¬ 
sons  available.  For  example,  in  studying  the  effect 
of  vacuum  melting,  one  finds  that  ObAC  has  been 
used  mostly  at  lower  strength  levels  and  almost  ex¬ 
clusively  in  the  vacuum  melt,  rather  than  the  air 
melt,  condition.  On  the  other  hand,  4M0  has  a 
somewhat  limited  vacuum  melting  history  com¬ 
pared  With  its  extensive  air-melt  experience.  Thus, 
comparisons  to  show  effects  of  primary  processing 
were  necessarily  limited  to  (1)  materials  with  pro¬ 
duction  histories  in  both  conditions,  and  {t)  test¬ 
ing  techniques  of  the  type  employed  m  th>  evalua¬ 
tions. 

Vacuum  Melting 

The  moet  impg^rtont  recent  primary  processing 
development  ha^s  been  vacuum  mslUng,  making  poe- 
stble  the  extenston  of  exielink  steels  to  higher 
strength  levels,  and  introducing  entirely  new  com¬ 
positions  not  otherwise  suitable  for  structuree. 

Table  I  summarises  the  chara^cteriatics  of  Ihs 
variouc  vacuum-melting  processes  and  their  gen¬ 
eral  effects  OH  properties.  Currently,  two  of  these 
processes  arc  in  greatest  use  for  aUrahigh^etrengih 
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steels;  vacuum  degassing  and  consumable -electrode 
vacuum  melting,  with  double  vacuum  melting  also 
used  to  a  lesser  extent. 

Vacuum  degassing  was  initially  developed  to  re¬ 
move  hydrogen  and  prevent  Hoiking  in  low-alloy 
steels  used  for  large  electrical  rotors.  Carbon  de¬ 
oxidation  is  a  recent  modification,  in  which,  by  in¬ 
completely  deoxidizing  the  air  melt  before  subse- 
'*uent  degassing,  the  carbon  in  the  melt  is  used  to 
accomplish  part  of  the  deoxidation.  Since  the  de¬ 
oxidation  product  of  carbon  is  a  gas,  this  process 
can  be  used  to  reduce  the  number  of  indigenous  in¬ 
clusions  normally  resulting  from  deoxidation  of  the 
steel,  and  has  created  considerable  interest  for 
commercial  bearings  that  would  otherwise  he  made 
from  air-melt  steels. 

The  other  process,  consumable-electrode 
vacuum  melting,  is  being  applied  on  a  steadily  in¬ 
creasing  basis,  to  most  of  the  ultrahigh-strength 
steels  in  use  for  aerospace  and  other  critically 
stressed  applications.  Steels  melted  by  this  method 
include;  (1)  the  aircraft  bearing  steels,  ranging  from 
low  alloy  through  martensitic  stainless  to  high-speed 
steels,  (2)  the  low-,  medium-,  and  high-alloy  high- 
strength  steels,  (3)  the  low-carbon  steels  designed 
for  carburizing  or  nitriding  for  highly  stressed 
gearing,  and  (4)  tool  steels  subjected  to  severe 
operating  conditions.  In  addition  to  subjecting  tlie 
steel  to  very  low  pressures  and  high  temperature! 
for  extensive  gas  removal  and  reduction  of  inclu¬ 
sions,  the  consumable-electrode  process  practically 
eliminates  the  ingot  segregation  normally  present 
in  other  air-  and  vacuum-melting  processee.  By 
virtue  of  a  solidification  process  which  resembles 
a  welding  pool,  center  properties  nearly  as  good 
as  those  in  other  portione  of  the  cross  eectiou  are 
obtained  after  subsequent  hot  working.  Further¬ 
more,  the  metallic  crucible  eliminatee  the  danger 
of  exogenous  or  refractory  inclusions  that  can  occur 
with  the  other  processee. 

Table  2  shows,  in  greater  detail,  a  comparieon 
of  gas  and  Inclusion  contente  resulting  from 
coneumable-clectrode  vacuum  melting,  vacuum  dc- 
gaeeing,  and  air  melting  of  a  typical  ultrahigh- 
strength  steel.  Vacuum  degaesing  exhibits  its 
greatest  effect  on  hydrogen,  while  consumable- 
electrode  vacuum  melting  reduces  all  geeeee  ex¬ 
tensively,  and  effect#  e  major  change  in  the  inctueioa 
rating.  Megaaflux  stepdown  inspection  shows  quality 
improvement  similar  to  those  indicated  for  the  J-K 
Inclusion  ratings.  Figure  I,  obtained  from  s  large 
number  of  euch  quality-control  tests  on  AlSl  4  310 
for  carburised  helicopter  geariim;,  shows  the  dis¬ 
tribution  of  inclusions  found  m  atr-mcitvd, 
indue  tion-vacuum-meUed ,  and  conSumable- 
r^ectrode  vaciuim-melled  materiiil  of  this  analysts. 
The  freedom  from  magnaflax  iMticationa  <»  the  f«i»~ 
sumaUlc  m.aterial  i#  noteworthy. 
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TABLK  1.  characteristics  OF  AIR  AND  VACUUM-MELTED  STEELS 


M«lnr  ^ 

Characfrriatice 

Product  Characterietice 

TFTipejf  store , 

Prreeure , 

Ca  e  Content ,  ppm 

Mechanical 

procddu 

F 

mic  rona 

Hydrogen 

Oxygen 

Nitrogen 

Cleanlineae 

Segregation 

Propertiee 

Air  melt 

J500- jiOO 

;60,000(“) 

4  to  20 

10  to  150 

30  to  500 

Fair 

Normal 

Normal 

Vacuum  degai 
(4  carbon  deoxidation) 

Z500-?i0t) 

500  to  10.000 

1  to  4 

i  0  to  60 

4C  to  200 

Fair  to  '‘lean 

Normal 

to  S0% 

Induction  vacuum  melt 

2500-3100 

1  to  50 

1 

4  to  20 

)  to  50 

Very  clean 

Normal 

420  to  200% 

Conaumable-elc<  irode 
vacuum  melt  (air^melt 
electrodee) 

2500-8500 

)  to  SO 

"  •  ■„ 

b  to  30 

1 5  to  50 

V  ery  clean 

Re.atively  free 

*20  to  200% 

IVM  4  CEVM  or  doublr 
CEVM  (vacuum-melt 
clectrodea) 

2500-4500 

I  to  5  l 

; 

1  to  5 

2  to  20 

Cxtramely  clean 

Relatively  free 

4  30  to  300% 

(a)  One  atmoaphere. 

TABLE  Z.  EFFECT  OF  VACUUM  MELTING  ON  C  MTY 
OF  AN  ULfRAHicri-STRENGTH  STEEL 


Property: 

Consumable 

Var’1”  n 

Air 

vacuum  melt 

..egassed 

melt 

Presiure:^*) 

1 

00 

760,000 

Gas  Analysis: 

H:  drogen 

0.8 

1.  5 

4.  5 

Oxygen 

17 

28 

48 

Nitrogen 

Z6 

125 

175 

J-K  Inclusion 

Rating: 

Type  A 

1  Thin 

1-1/2  Thin 

1-1/2  Thin 

Type  B 

-I  Thin 

1-1/2  Thin 

1-1/2  Thin 

Type  C 

0 

1-1/2  Thin 

1-1/2  Thin 

Type  D 

1  Thin 

1-1/4  Heavy 

1-3/4  Heavy 

(a)  Micront. 

and  th«  manufacturer  reported  that  in»plant  rejec> 
tiona  and  service  problems  have  been  reduced  to 
such  an  extent  that  the  additional  coat  of  the  vacuum- 
melt  material  has  been  more  than  justified. 

Now  let  us  look  at  the  effect  of  these  metal¬ 
lurgical  changes  produced  by  vacuum  melting  on  the 
properties  and  performance  of  critically  stressed 
parte.  When  the  material  is  used  in  the  form  of 
large  bars  or  billets  for  forgings  or  machined  hog- 
outs,  a  very  effective  measure  of  material  quality  lO 
obtained  by  cutting  slices  from  the  bars  or  billets, 
machining  transverse  tensile  tests  from  them,  and 
heat  treating  them  to  the  specified  strength  level. 
Differences  in  quality  are  sharply  differentiated  bv 
the  ductility  transverse  to  the  principal  direction  oi 
working;  if  still  more  tests  sensitivity  is  required, 
notched  transverse  tensile  tests  are  even  more 
definitive.  In  addition  to  vr.rasunng  material  quality, 
tiieec  '-sts  may  also  be  directly  related  to  the  per¬ 
formance  of  the  finished  ewnponent,  since  Urge 
forgings,  hog-outs,  and  biaxially  atreased  vssasls 
are  frequently  limited  by  their  ability  to  withstand 
stress  ccnccntra<ions  in  ths  cross-grain  direction. 

Figure  2,  plotted  from  a  Urge  number  of  trans¬ 
verse  tests  on  H-tl  st  2tO-3lO-ksi  ultimate  strength 
level,  indicates  the  degree  of  ductility  improvement 
obtained  by  consumable -electrode  vacuum  meltittf. 
The  data  shown  arc  for  midradiue  tests;  when  cen¬ 
ter  tests  are  compared,  the  air-melt  properties 


IHCLUSIONt  /  SIM  ••• 

FIGURE  1.  COMPARATIVE  FREQUENCY  OF  IN¬ 
CLUSIONS  IN  MACNAFLUX  STEP-BAR  INSPEC¬ 
TION  OF  AISI  9310  MELTED  BY  THREE 
METHODS  (W.  B.  Bond,  Bell  Helicopter) 

are  frequently  very  low,  below  S%  R.  A.  ,  whereas 
the  vacuum-melt  properties  srs  vsry  doss  to  those 
shown  htrs  for  ths  midrsdius  locstion.  Thus,  si 
ths  center  of  Uige  ewctiorc,  trsnsverse  ductility 
and  impact  properties  may  ahow  improvsmsnta  of 
10  to  1  or  more  by  consumable-alactrods  vacuum 
melting. 

Now  Ut  us  set  what  thia  msana  in  tsrma  of  an 
actual  part.  Figurs  3  shows  a  tanding-gaar  last 
forging,  which  waa  mads  from  both  sir-  and 
conaumable-electrodc  vacuum-melted  billcte,  and 
laatad  in  the  locations  shown.  Figure  4  plots  the 
reductiob  of  area  valuta  obtained  st  the  240-300,000- 
pei  ultimate  tensile  level  for  the  variouv  locations 
throughout  the  forging.  The  superiority  of  the 
coosutnablc*electrode  vacuum-melt  material  was 
clearly  indicated.  Nc>*>c'  the  frequency  distribution 
chart  (inset)  Iti  which  all  the  coceumablc-clectrodc 
vacuumMi'jAeltcd  tests  range  around  the  2S%  ealue, 
whereaa  the  air-melt  group  segregate  iato  two 
distinct  regions  around  25%  and  around  4%,  corrsa- 
ponding  to  lest  bars  parallel  and  transverse  to  the 
principal  direction  of  working.  In  other  words, 
consumable-electrode  vacuum  melung  casentially 
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eliminated  the  low-ductilit*/  properties  that  would 
normally  occur  in  unfavorable  grain-Aow  orienta¬ 
tions  of  the  forging.  Incidentally,  this  test  forging 
was  used  to  evaluate  material  for  the  North  Ameri¬ 
can  B70  landing  geai ,  wltich  was  subsequcnily 
from  consumable-vacuum-melted  H-H  at  this  very 
high  strength  level,  and  to  date,  has  met  all 
material  expectations. 


FIGURE  1.  EFFECT  OF  CONSUMABLE-VACUUM 
MELTING  ON  TRANSVERSE  DUCTILITY  AT  280 
310-KSI  ULTIMATE  TENSILE  STRENGTH  IN 
LARGE  BILLETS  OF  H-11  FOR  AEROSPACE 
COMPONENTS 


i2'0io  tar«*nQ  Qm 
CVM  H  II 

290-»0f»0si« 
«-i<X  Ciqneatan 
iS-aiX  AM  A(tO 


nCUR£  3.  LOCATION  OF  TEST  SPECIMENS  IN 
DESTRUCTIVELY  TESTED  LANDING-GEAR 
FORGINGS  OF  H-ll  AIR  MELTED  AND  CON¬ 
SUMABLE  VACUUM  MELTED  (Ladish, 
ClevwUnd  Pneumatic) 


Another  landing  gear  recently  designed  from 
consumable-electrode  vacuum-melt  material  is 
that  installed  on  the  DeHavilland  Buffalo,  an  en¬ 
larged  version  of  the  Caribou,  which  is  a  short 
take-eff  and  l^.'tuiag  aixcraft  that  experiem  s  ex¬ 
tremely  high  landing  shock  loads.  Figure  b  shows 
the  consistency  of  ductility  results,  both  in  the  par¬ 
ent  metal  and  in  thve  weld,  obtained  by  Jarry  Hydrau¬ 
lics,  the  landing -gear  manufacturer,  in  routine 
testing  of  the  6-inch  square  H-ll  billets  and  forgings 
going  into  the  gear.  These  ductility  values  are  a 
significant  gain  over  the  14-15%  minimum  reduction 
of  area  values  appearing  in  earlier  landing  gear 
specifications  for  air-melt  material. 


FIGURE  4.  COMPARATIVE  DUCTILITY  OF  AIR- 
MELT  AND  CONSUMABLE-VACUUM-MELT 
SPECIMENS  FROM  LOCATIONS  SHOWN  IN 
FIGURE  3.  FREQUENCY  DISTRIBUTION  OF 
ALL  TESTS  SHOWN  IN  INS':T  (Ladish,  Cleveland 
Pn>  umatic) 
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FIGURE  5.  FREQUENCY  DISTF IBUTION  OF  LON¬ 
GITUDINAL,  TRANSVERSE,  AND  WELD  DUCTIL¬ 
ITY  FROM  INSPECTION  OF  12  HEATS  OF 
CONSUMABLE-VACUUM-MELT  H-ll  FOR  DE 
HAVILLAND  BUFFALO  LANDING  GEAR 
(M.  O.  Brown,  Jarry  Hydraultcs) 


a 
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Unlike  H-H,  the  acceptance  of  vacuum  melting 
for  AISI  4340  and  other  popular  landing-gear  steels 
has  progressed  somewhat  more  slowly  because  they 
ccnt'iin  marganese  as  an  essential  alloying  element. 
This  IS  the  only  element  normally  in  steel  which 
vaporizes  in  melting,  boiling  off  over  50  per  cent  in 
a  good  vacuum,  causing  arc  instability  and  less 
desirable  macrostructural  characteristics.  The  sub¬ 
stitution  of  molybdenum  for  manganese  to  provide  a 
good  vacuum-melt  analysis  has  been  proposed,  but 
has  encountered  the  normal  resistance  to  a  new  steel. 

As  might  be  expected,  other  properties  besides 
tensile  ductility  show  significant  gains  from 
consumable-vacuum  melting.  Figure  6  indicates  a 
shift  in  notch  tensile  strength,  both  to  higher  values 
and  with  retention  to  higher  heat-treated  strength 
levels,  from  consumable-vacuiun  melting  uf  H»ll. 
This  shift  made  it  possible  to  meet  a  very  stringent 
specification  requiring  transverse  notch-tensile 
testing  to  a  minimum  of  1.  0  notched -to-unno^ched 
strength  ratio  in  the  transverse  direction  of  8-1/2" 
square  billets  going  into  the  B58  elevon  hinge  forging 
shown  in  Figure  7.  Table  3  shows  typical  notch- 
tensile  ratios  obtained  in  quality-control  testing  of 
billets  to  this  specification. 

Due  to  the  lower  inclusion  content,  fatigue 
properties  are  also  significantly  improved  by 
consumable  vacuum  melting,  both  in  notched  and 
smooth  bar  testa,  as  shown  for  H-11  in  Figure  8. 
Other  fatigue  tests  on  this  material  at  240-ksi  ulti¬ 
mate  tensile  strength  for  the  Jarry  landing  gear 
produced  rather  startling  fatigue  specimens  that 
cracked  around  the  entire  periphery,  reducing  the 
effective  cross  section  sufficiently  to  shut  off  the 
rotating-beam  fatigue  machine,  biit  resisting  com- 
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nCURE  6.  EFFECT  OF  CONSUUABLE  VACUUM 
MELTING  ON  NOTCH- TENSILE  STRENGTH  OF 
H-tl  AT  VARIOUS  HEAT-TREATED  STRENGTH 
LEVELS  (P.  Ruff  and  K.  S*sur,  Metal  Progress, 
December,  1961) 


plete  fracture.  Specimens  of  this  type  were  con¬ 
sistently  obtained  in  the  high-stress,  low-cycle 
portion  of  the  curve. 


FIGURE  7.  CONVAIR  B58  ELEVON  HINGE, WELDED 
FROM  CONSUMABLE-VACUUM-MELT  H-11 
SHEET  AND  DIE  FORCING.  BILLETS  FOR  LATTER 
INSPECTED  TO  TRANSVERSE  NOTCH-TENSILE 
REQUIREMENTS  SHOWN  IN  TABLE  3. 


TABLE  3.  H-ll  CVM  TRANSVERSE 
NOTCH  TENSILE  IN¬ 
SPECTION  OF  8-1/2" 
SQUARE  BILLETS 


UTS  ■ 

260-270 

CL 

■  5-8 

ys  ■ 

220-22S 

RA 

•  16-30 

Heat 

T 

B 

1 

I.  I-l.l 

1.2-1. 2 

2 

1.2-1.  5 

1.  3-1.  3 

3 

1.  3-1. 3 

1. 0-1.0 

4 

1.2-1. 2 

1.2-1. 2 

S 

!.  3-1.3 

1.3-1.  3 

6 

1.  3-;. 3 

1.2-1. 2 

7 

I.  5-1.3 

1.2-1.  2 

8 

1.  1-1.  1 

1.2-1.  2 

9 

1.2-1. 2 

1.2-1.  2 
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FIGURE  8.  EFFECT  OF  CONSUMABLE  VACUUM 
MELTING  ON  SMOOTH  AND  NOTCH  F  ATIGUE 
strength  of  H-ll  (P.  Ruff  and  R.  Steur, 
Metal  Prog  re  g  a,  December,  1961) 


Vacuum  melting  has  recently  assumed  addi¬ 
tional  significance  in  the  ultrahigh-strength  field 
with  the  introduction  of  the  maraging  steels.  Con¬ 
taining  the  reactive  elements,  titanium  and 
aluminum,  these  steels  are  subject  to  oxide  and 
i-arbo-mtride  stringers  in  the  air-melted  condition 
which  can  seriously  reduce  their  inherently  good 
ductility  and  notch  toughness,  as  well  as  cause 
splitting  of  plate,  "delamination"  as  it  has  been 
named,  during  welding  of  rocket  cases.  Vacuum 
melting  has  successfully  overcome  these  problems. 
As  maraging  steels  have  progressed  to  the  full 
production  stage  (over  350  production  heats  have 
been  made  in  our  operations),  considerabU-  know¬ 
how  has  b<?en  gained  in  the  vacuum  melting  .md  hot- 
working  [procedures  for  maximum  properties  in 
large  se  .lions.  Table  4  shows  the  transverse  prop¬ 
erties  w  Itch  were  reported  two  years  ago  and  in- 
rludeu  ir  a  number  of  specifications  in  the  inienren- 
ing  period,  together  with  typical  properties  now  be¬ 
ing  obtained  in  sections  as  large  as  IB"  x  ^4".  The 
ability  of  maraging  steel  to  be  simply  aged  to  thesv 
properties  in  large  sections  is  increasing  designers' 
confidence  (or  its  use  in  progressively  larger  com¬ 
ponents.  Figure  9  shows  flexures  which  are 
machined  from  I8’'-diameter  solid  forgings  of  the 
300-grade  maraging  s;eel.  These  flexures  have 
been  made  in  quantity  for  rocket  test  stands,  provid¬ 
ing  ail  support  through  the  very  thin-machined  webs 
visible  .n  the  picture.  Ductility  and  notch  toughness 
throughout  the  cross  section,  weldability,  and  the 
minimun'  distortion  heat  treatment  were  major  cri¬ 
teria  for  select. on  of  vacuum-melted  maraging  steel 
for  (his  service. 

Although  these  interesting  new  materials  will  be 
discussed  further  by  other  speakers,  there  is  one 
additional  point  relating  to  primary  processing  that 


TABLE  4.  18%  NICKEL  MARAGING  .STEEL  TRANSVERSE  PROPERTIES 
IN  HEAVY  SECTIONS 


51 1« 

Grad# 

Location 

Yield 

Strength, 

kei 

Tenaile 

Strength, 

kei 

Elongation, 
per  cent 

Reduction 

Typical  1962 

6"  gq. 

300 

Center 

279 

2fi3 

10.0 

48 

V>'*  gq. 

250 

Center 

260 

262 

9.0 

46 

1C"  gq. 

300 

Center 

275 

284 

8.5 

40 

li*'  gq. 

250 

Center 

248 

253 

8,0 

54 

1964  (A 

.verage  of  65  Teete); 

16"  nl. 

300 

Center 

266 

275 

6.  5 

27 

24’*  g«\. 

250 

Klidradiue 

238 

247 

6,0 

30 

FIGURE  9.  PRODUCTION  18"-DIAMETER,  1- 
MILLION-LB  FLEXURE  MADE  FROM 
CONSUMABI  E-VACUUM-MELT  18%  NICKEL 
MARAGING  STEEL.  MULTIPLE  STRESSES  ARE 
TR^VNSMITTED  THROUGH  THIN  WEBS,  NECES¬ 
SITATING  FULL  STRENGTH  AND  DUCTILITY 
THROUGHOUT  SECTION  (Allegheny  Inatrument 
Company) 


should  be  mentioned  briefly,  that  is  the  question  of 
banding,  whu  h  is  frequently  mentioned  with  respect 
to  marsgtng  steel*.  Due  to  a  high-alloy  content, 
banding  can  te  quite  visible  and  resist  removal  by 
heat  treatment.  However,  there  are  all  degrees  of 
banding,  ranging  from  that  which  is  extremely  detri¬ 
mental,  causing  delamination,  poor  transverse 
propurtict,  and  poor  notch  properties,  to  that  which 
satisfactorily  passes  all  tests,  even  when  the  notch¬ 
es  and  cracks  are  intentionally  located  in  various 
portions  of  the  band.  The  reason  for  conflicting  re¬ 
ports  on  this  problem  is  that  the  bands  require 
closer  inctallographic  examination  before  their  ef¬ 
fect  can  be  predicted,  if  accompanied  by  oxide  or 
carbo-nitride  inclusion  stringers,  the  bands  are 
definitely  detrimental.  However,  if  the  bands  arc 
r-.erely  light  and  dark  etching  regions  due  to  slight 
variations  in  alloy  content,  and  not  accompanied  by 
stringers,  test  and  performance  data  indicate  that 
the  material  is  fully  satisfactory  and  can  be  used 
with  confidence. 
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In  addition  to  its  ability  to  sharply  improve  exist¬ 
ing  grades  of  ultrahigh-strength  steel,  consumable- 
electrode  vacuum  melting  is  making  possible  the 
development  of  still  higher  strength  steels  that,  in 
the  air-melted  condition,  would  be  considered  too 
brittle  for  structural  applications.  Figure  10  shows 
such  a  steel,  which  contains  0.  55  carbon  and  12  per 
cent  alloying  elements  and  is  based  on  the  carbide- 
free  matrix  of  high-speed  steel  that  is  normally  used 
for  cutting  tools.  By  vacuum  raelting  this  steel, 
usable  ductility  is  obtained  at  heat-treated  strength 
levels  as  hich  as  360,000  psi  with  325,000-pai  yield 
strength.  It  is  in  production  use  for  300-k8i  air¬ 
craft  fasteners,  high-strength  gearing,  small  high- 
pressure  devices,  etc.  When  thermal  mechanically 
worked,  the  consumable  vacuum-melted  material 
achieves  an  ultimate  strength  level  of  460-500,000 
psi,  a  yield  strength  of  425,000  psi,  with  6  per  cent 
elongation  and  22  per  cent  reduction  of  area  (Table 
8).  Thus,  the  former  plateau  of  260-300,000  psi 
for  high-strength  steels  is  being  surpassed  by  new 
higher  alloy  materials  designed  specifically  for  con¬ 
sumable  vacuum  melting. 

Obviously,  these  few  examples  have  hit  only  the 
high  points  of  vacuum  melting  and  its  effect  on  prop¬ 
erties,  but  I  hope  it  has  at  least  indicated  its  poten¬ 
tial.  The  shift  to  vacuwim-melted  steels  is  growing 
steadily;  in  many  instances,  the  improved  service 
and  reduced  in-plant  l  ejections  have  mere  than  off- 


FICURE  10.  EFFECT  CF  TEMPERING  ON  PROP¬ 
ERTIES  OF  NEW  HICH-ALLOY  ULTRAHICH- 
jlkENGTH  STEEL.  NOTE  THAT  CONSUMABLE 
VACUUM  MELTING  IS  ESSEN!  lAL  TO  DUCTll  - 
ITY  AT  HIGHER  STRENGTH  LEVELS 


set  the  increased  cost  of  the  material.  In  other 
cases,  a  new  vacuum-melt  steel  has  reduced  manu¬ 
facturing  costs;  for  example,  maraging  steels  have 
replaced  4340  and  similar  steels  in  production  parts 
with  sharply  reduced  heat-treating,  straightening, 
and  finishing  costs. 

Hot  Working 

Now  let  us  consider  other  primary  processing 
steps  subsequent  to  the  melting  operation.  In  the 
hot  working  of  ultrahigh-strength  steels,  much  is 
learned  by  trial  and  error;  new  forging  procedures 
and  grain-flow  orientations  are  developed  on  .he 
presses  and  hammers,  and  the  resulting  properties 
evaluated.  Figure  11  shows  typical  clay  models 
which  can  be  used  to  simulate  mechanical  working 
of  ingot  structures  and  offer  gmdc  lines  for  develop¬ 
ing  optimum  properties  in  these  steels.  Upsetting 
various  percentages  has  been  quite  successful  with 
some  grades.  In  other  cases,  the  heating  and  work¬ 
ing  cycles  are  very  critical.  For  example,  the 
maraging  steels  must  be  finished  c^'ld  for  fine 
gA'a'n  because  they  cannot  be  refined  by  her,t  treat¬ 
ment. 

Figures  12  and  13  show  an  interesting  study  in 
which  a  very  narrow  working  range  was  determined 
for  Udimet  700  or  Astroloy,  which  had  bten  stren¬ 
uously  resisting  successful  hot  working.  Although 
not  strictly  a  high-strength  steel,  it  illustrates  the 


nCURE  11.  USE  OF  CLAY  TO  STUDY  EFFECT  OF 
VARIOUS  HOT-WORKING  PROCEDURES  ON 
INGOT  STRUCTURES 


T 


38 


•  I825*F  I950*F  2000'F 


t025*F  2I00*F  2I75*F 

FIGURE  12.  EFFECT  OF  FORGING  TEMPERATURE 
ON  HOT  WORICABILITY  OF  UDIMET  700.  33% 

REDUCTION  IN  A  SINGLE  PASS  (R.  J.  Quigg, 

AIME  High-Tcmperature  Materials  Coo/ercnce, 
Cleveland,  Ohio,  April,  1961) 

criticality  of  the  working  proceea  as  we  increase 
alloy  content  and  progress  to  higher  strength  and 
higher  'emperiture  materials.  In  this  nickel>base 
alloy,  the  lower  limit  of  the  working  range  is  set 
at  1950  F  by  cracking  due  to  excessive  work  harden¬ 
ing,  while  the  upper  limit  is  a  mere  ICO*  higher, 
above  which  cracking  r''*.ppeared.  Metallurgical 
investigation  showed  that  the  upper  limit  was  not 
due  to  a  low  melting  phase  or  other  common  cause 
of  hot  shortness,  but  by  a  fine  precipitate  which 
occurs  on  reheating  or  slow  cooling  a  structure 
which  has  been  previously  solution  treated  at  higher 
temperatures.  In  fact,  as  shown  in  Figure  13, 
cracking  even  occurred  at  the  optimum  working 


STRESS  FULL  ANNEAL  FULL  ANNEAL 
RELIEVED  2HPSAT2I50*F  2HRSAT2I50*F 
AIR  COOL  WATER  QUENCH 

FIGURE  13.  EFFECT  OF  SOLUTION  TREATMENT 
ON  WORKABILITY  OF  UDIMET  700  AT  OPTIMUM 
FORGING  TEMPERATURES,  33%  REDUCTION  IN 
A  SINGLE  PASS  (R.  J.  Quigg,  AIME  High- 
Temperature  Materials  Conference,  Cleveland, 

Ohio,  April,  1961) 

temperature  of  2025  F,  when  the  material  had  been 
previously  solution  treated  at  a  higher  temperature. 
The  obvious  remedy  was,  then,  to  keep  the  tempera¬ 
tures  low  and  the  particles  coarse  and  out  of  solution. 

Thermal  Treatments 

For  some  steels,  special  thermal  cycles  after 
ho.  working  can  be  surprisingly  effective  in  improv¬ 
ing  t  roperties  and  performance  of  uUrahigh-strength 
stee'  parts.  Figure  14  shows  the  degree  of  micro- 
struc  ure  improvement  attained  by  a  special  thermal 
cycle  Applied  to  H-11.  A  normal  annealing  cycle 
after  hit  working  can  produce  the  structure  shown 
on  the  left,  with  carbides  tending  to  segregate  into 
the  grai  boundaries.  By  a  subsequent  heat  treat¬ 
ment  wh  ch  we  call  "HNA"  for  homogenising,  normal¬ 
ising,  and  annealing,  the  structure  on  the  right  is 
produced  from  this  same  steel  (U.  S.  Patent  No. 
2,893,902l  The  homogenising  temperature  used 
is  1975  F,  which  is  below  the  graio-coarsenina 
temperatur  but  125*  above  the  normal  hardening 
temperature  for  this  steel.  This  is  followed  by  a 
normalising  treatment  at  1700  F,  to  obtain  maximum 
grain  refinenunt,  followed  by  a  normal  annealing  or 
tempering  eyile.  As  shown  in  Table  5,  this  special 
thermal  treatment  has  a  major  effect  on  properties, 
improving  trarsverse  reduction  of  area  in  large  air- 
melt  billets  by  28  to  38  per  cent  and  transverse  im¬ 
pact  propertisk  to  a  slightly  smaller  extent.  Another 
series  of  tests,  shown  in  Table  6,  compared  this 
treatment  with  special  furging  practices,  including 
single  upsetting  und  triple  upsetting  in  all  directions. 
Note  that  for  this  steel,  the  upsetting  treatments 
showed  no  significant  eifect,  whereas  the  thermal 
treatment  consistently  improved  properties  by 
about  20  per  cent. 
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Ordinary  H'll 


H  N  A 


FIGURE  U.  CHANGE  IN  MICROSTRUCTURE  OF 
H-n  EFFECTED  BY  HOMOGENIZING,  NORMAL¬ 
IZING,  AND  ANNEALING  TREATMENT  AFTER 
HOT  WORKING 

Figure  IS  show*  «  very  challenging  ultrahigh- 
•trength  ateel  aircraft  component  in  which  the  HNA 
thermal  treatment  played  a  aigraficant  role.  Thia 
carry-through  atructure  on  the  A  3 J  Vigilante  meaa- 
urea  M'  acroaa  and  aupporta  the  entire  tail  aurface 
on  the  three  apindlea.  Designed  in  1956  before 
large  sices  of  consumable-vacuum-melt  material 
were  readily  available,  this  part  involved  stringent 


TABLE  5.  EFFECT  OF  THIIRMA:.  T/-i.ATS<ENT  ON  TRANS'.  ER^E 
PROPERTIES  Of  H-n 

Multiple  Tests  at 

_ Anneal _ _ 

Sixe  Location  Conventional  HNA  Improvement 


Tranaverae  Reduction  of  Area  % 


15" 

8" 

aq. 

aq. 

Midradius 

Center 

12.9  16.5 

10.7  H,8 

28% 

38% 

Tranaverae  Charpy-V,  ft-lb 

15" 

aq. 

Midradius 

10.8  13.0 

20% 

TABLE  6.  UPSETTING  VERSUS  THERMAL  TREATMENT  FOR  H-11 
X  7"  BiUeta;  Tranaverae  Tenailea  at  240»kai  UTS 


Ingot 

per  Cent  Reduction  of  Area  After 
Forging  Method  Conventional  Anneal 

HNA 

Imj-rovcment 

1 

Conve  ntional 

24.  2 

19.  Z 

♦20% 

Z 

Single  upset 

24.6 

29.7 

+20% 

3 

Triple  upset 

24.2 

28.6 

+  18% 

FIGURE  IS.  CARRY-THROUGH  TAIL  STRUCTURE 
OF  NORTH  AMERICAN  A3J  VIGIl  ANTE  WELDED 
FROM  aaO-KSI  ULTIMATE  TENSILE  STRENGTH 
H-11  CVM  FORGINGS,  HNA  THERMALLY 
TREATED 

tranaverae-property  testing  for  sir-rrelt  material 
at  the  280-300 , 000-pBi  level,  which  waa  the  highest 
strength  in  production  use  at  that  time.  The  parts 
were  made  from  billets  as  large  as  28"  by  8"  by 
38"  long,  which  were  hand  forged  to  some  degree, 
followed  by  hog-out  machining  to  aections  as  thin 
as  1/16",  some  of  which  fell  near  the  center  line  of 
the  original  billet.  Some  of  the  initial  parts  were 
hand  forged  on  hammers  of  insufficient  capacity, 
and  were  subjected  to  47  reneats  before  reaching  the 
desired  configuration.  As  you  can  well  suspect,  this 
resulted  in  extremely  coarse  grain,  poor  micro- 
structure,  and  rero  ductility  or  coupon  tests.  Sur¬ 
prisingly,  by  application  of  the  HNA  thermal  treat- 


40 


m^nt,  propertit'.r-  "ufncirntly  resiored  to  tiic 

forging  tc  mtet  apt-c  iAcations ,  and  it  was  used  in  a 
static  test  airplane.  After  that  experience,  the 
treatment  was  applied  to  all  billets  and  forgings  of 
H-11  subsequently  furnished,  either  in  the  air-melt 
or  /acuum-melt  condition. 

These  were  specific  tests,  now  let  u;,  look  a‘; 
the  effect  of  this  HNA  traatm: (•>  -i  routine  quality 
control  of  large  quantities  of  U*  ’>  i.  The  data  in 
Figure  5  were  obtained  from  niateriai  which  had 
been  both  consumable  vacuum  melted  and  given  the 
HNA  treatment.  Table  7  shows  additional  inspec¬ 
tion  data  reported  by  an  aircraft  producer  from 
transverse  ductility  tests  on  over  100,000  lbs  of 
consumable-vacuum-melted  H~ll  in  similar  billet 
sizes  and  heat  treated  to  the  290,000-psi  tensile 
level.  All  of  the  material  furnished  by  Producer 
X  was  given  this  thermal  treatment,  plus  consum¬ 
able  vacuum  melting  in  a  production  furnace  that 
operates  below  one  micron  pressure.  Producers 
Y  anu  Z,  to  the  best  of  their  knowledge,  did  not  use 
the  HNA  treatment  and  employed  consumable  vacuum 
furnaces  operating  in  the  5-  to  25-micron  range.  As 
you  can  see,  the  differences  were  quite  significant, 
again  indicating  a  major  effect  of  primary  process¬ 
ing  on  ultrahigh-strength  steel  ’properties. 

TABLE  7.  INSPECTION  HISTORY,  100,000  LBS.  OF  H-ll  CVM 
BILLET,  TRANSVERSE  TENSILES  AT  290-KSI  UTS 


_ Ove  rail  Average _ 

Producer  X  (HNA)  Producer  Y  Producer  7. 


Short  Tranaveree 


T.S. 

301  ksi 

^96  ksi 

288  ksi 

R.  A. 

31.8% 

14.9% 

2J.6% 

Long  Transverse 

r.  S. 

ksi 

^87  ksi 

289  ksi 

R.  A. 

38.4% 

IS.  3% 

21.2% 

Longitudinal 

T.  S. 

303  ksi 

^90  ksi 

295  tsi 

R  A. 

4i.8% 

40.  1% 

56.6% 

Texturing  in  Sheet  Material 

A  recently  recognized  effect  of  primary  process 
ing,  which  related  to  the  fabricability  of  ultrahigh- 
strength  sheet  steel,  is  ;he  anisotropy  associated 
with  crystallographic  texturing  in  sheet  material. 
Studies  in  this  field  have  beei.  largely  concentrated 
on  low-carbon  auto-body  sheet  and  other  metals, 
but  recent  experience  in  hydroforming  Hawk  missile 
accumulator  compo.  ents  indicates  some  promise  for 
the  high-strength  steels  alao.  Since  these  studies 
arc  not  yet  complete,  this  must  necessarily  be 
limited  to  a  progress  report. 

Figure  16  shows  the  accumulator  which  is 
fabricated  by  machining  and  welding  from  hydro- 
formed  domes  and  forgings  of  H-ll.  Figure  17 
shows  a  hydroformed  dome  in  this  material.  This 
part,  hydroformed  from  sheet  0. 170-inch  thick,  is 
very  close  to  the  drawing  limit;  thus,  slight  varia¬ 
tions  in  lormability  are  very  significant.  Studies 


are  now  underway  to  relate  the  actual  response  '.o 
hydroforming  /.ith  tensile  properties  measured  in 
directions  0*,  45°,  and  90°  to  the  direction  of  final 
rolling.  The  relationships  developed  by  Whiteley* 


FIGURF  16.  ACCUMULATOR  FOR  HIGH-PRESSURE 
GAS  IN  CONTROL  SYSTEM  OF  RAYTHEON 
HAWK  MISSILE,  WELDED  FROM  H-ll  CVM 
FORGING  AND  HYDROFORMED  DOME 


FIGURE  17.  UNTRIMMED  HYDROFORMED  DOME 
FOR  ACCUMULATOR  IN  FIGURE  16,  RELATION¬ 
SHIP  OF  HYDROFORMiNG  RESPONSE  TO  PROP¬ 
ERTIES  SHOWN  IN  FIGURE  18  IS  UNDER  STUDY 

sWhiteley.  R.  L.  ,  ‘Anieotropy  in  Relationship  to 
Sheet  Processirg",  Fundamentals  of  Deformation 
Processing ,  9th  Sagamore  Conference,  Syracuse 
University  Press,  pages  183-198,  1964. 
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suggest  thai  drawability  of  sheet  is  related  to  these 
tensile  properties  by  the  formulas  shown  in  Figure 
18,  The  value  R  is  the  ratio  of  the  strain  in  the 
width  direction  to  the  strain  in  the  thickness  direc¬ 
tion  on  the  tensile  specimen.  The  average  of  the 
ratios  for  the  various  orientations  represents  the 
normal  anisotropy  of  the  sheet,  which  in  turn  is  a 
function  of  the  relative  strength  in  the  thickness 
direction--of  major  importance  to  deep  drawing. 

For  best  drawability,  average  R  should  be  as  high 
as  possible.  The  planar  anisotropy  is  indicated  by 
the  second  formula  showing  the  variation  in  R  in 
different  orientations  relative  to  the  rolling  direc¬ 
tion.  To  avoid  earing  and  nonuu’form  deformation 
during  the  draw,  A  R  should  be  0;  in  other  words, 
the  material  should  show  similar  width  to  thickness 
ratios  in  all  directions.  Studies  are  now  underway 
to  relate  sheet-rolling  conditions  to  these  values, 
and  in  turn,  to  relate  the  calculated  values  to  actual 
performance  in  the  hydroforming  operaf  on. 

Thermal-Mechanical  Treatment 


With  no  df  gradation  in  ductility;  in  fact,  a  slight  in¬ 
crease  ir.  ductility  is  frequently  observed.  As 
shown  ir  Table  8,  strength  levels  as  high  as  425,000 
psi  hav'  been  obtained  with  H-11  and  460,000  psi 
with  th'j  aforementioned  matrix  steel,  Vasco  M-A, 
accon.  J  by  ductility  lui  sli  uctural  pur¬ 

poses.  The  subject  will  be  more  fully  covered  in 
anothc  r  paper,  but  it  certainly  should  be  included  in 
this  report  as  a  ‘significant  primary  processing 
variable. 


TABLE  8.  strength  AND  DUCTILITY  ACHIEVED  BY  AUSFORMING 
O'-  HOT-WORK  DIE  STEELS 

i5oth  steels  ausformed  90^*  and  temper  d  at  1000-1050  F. 


Materia! 

Teat 

Temperature , 
F 

Ultim  ate 
Tensile, 
psi 

0.2% 

Yield, 

psi 

Elongation, 
per  cent 

Reduction 
in  Area , 
per  cent 

Modified  H-ll  CVM 

R.  T. 

420,000 

400,000 

6.  0 

3’ 

1000 

255,000 

230.000 

10.  5 

58 

Va*co  M-A  CVM 

R.  T. 

460,000 

425,000 

6.  0 

22 

1000 

300,000 

280,000 

8.  8 

48 

Fracture  Toughness  Properties 


Simply  to  complete  the  record,  we  should  men¬ 
tion  thermal-mechanical  treatment,  which  is  a  very 
powerful  primary  processing  tool.  Laboratory  and 
semi-production  tests  indicate  that  it  can  raise  the 
strength  of  ultrahigh-strength  steels  by  100,000  psi 


Final 

Rolling 

Direction 


With  respect  to  fracture  toughness  testing, 
there  are,  as  pointed  out  earlier,  a  dearth  of  statis¬ 
tical  tests  showing  primary  processing  effects. 
However,  some  interesting  treads  are  being  reveal¬ 
ed  by  research  studies  on  small  sample  quantities 
that  should  be  noted  here.  Figure  19  shows  a  sum¬ 
mary  plot  of  Kje  tests  for  a  number  of  ultrahigh- 
strength  materials  plotted  against  the  heat-treated 
strength  level.*  With  extremely  sharp  notches  or 
cracks,  there  is  a  consistent  indication  of  smaller 
benefits  from  major  differences  in  composition  or 
primary  processing.  In  other  words,  fracture.- 
toughness  testing  appears  to  reduce  all  materials  to 
quite  similar  levels,  regardless  of  their  ether  qual¬ 
ity  or  other  properties.  The  18%  nickel  maraging 
types  are  somewhat  exceptional  in  this  respect,  as 
shown  in  Figure  19. 


p  In  *o/w 
”  In  t,/t 


Normal  Aniirtropy  ;  2R^,-f  R^) 

(moximic) 


Plonor  Anisotropy  AR*i(Ro~2R,„+R,p) 

(minimize ) 

FIGURE  18.  ANISOTROPY  PROPERTIES  IN  K-ll 
SHEET  CIRCLES  BEING  STUDIED  FOR: 

(1)  RELATIONSHIP  TO  HYDROFORM  RESPONSE 
(FIG.  17)  AND  (2)  RELATIONSHIP  TO  PRIMARY 
PROCESSING  IN  SHEET  MANUFACTURE  (H.  Freed- 
man,  Raytheon,  a-.'f  R.  Colton,  Watertown  ArsenaM 


It  should  be  remembered,  however,  that  an  ab¬ 
sence  of  significant  differences  in  Kjj.  or  other 
fracture  toughness  parameters  is  not  the  only  consi¬ 
deration.  For  example,  an  extremely  clean  vacuum- 
melted  steel  has  appreciably  fewer  inclu^io's  and 
other  fracture  origins  so  that,  even  though  its  frac¬ 
ture  toughness  may  not  be  significantly  higher  than 
the  air-melted  material,  the  reliability  of  the  materi¬ 
al  in  an  actual  component  may  be  significantly  im¬ 
proved.  It  would  appear  that  sufficient  production 
quantities  of  air-melt  and  vacuum-r  d  material 
have  now  been  compared  in  aircraft  and  missile 
structures  to  indicate  their  overall  reliability  in  this 
respect.  Further  fracture  toughness  testing  in  qual¬ 
ity  control,  as  well  as  additional  performance  his¬ 
tory,  will  undoubtedly  further  clarify  the  relative 
significance  of  improved  cleanliness  and  microstruc¬ 
ture,  chaoqes  in  ductility,  and  fracture-toughness 
values  to  actual  performance  of  components. 

■^Masters,  J.  N.  ,  "Booster  Caae  Materials  Evalua¬ 
tion",  The  Boeing  Company,  4th  Maraging  Sieel 
Project  Review,  Dayton,  Ohio,  Volume  I,  pages 
226-254  (July,  1964). 
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FIGURE  19.  EFFECT  OF  KEAT  TREATED 
STRENGTH  LEVEL  ON  FRACTURE  TOUGHNESS 
(Kic)  OF  R.EPRESENTATIVE  ULTRAHIGH- 
STRENGTH  STEELS  (Masters.  The  Boeing 
Company,  4th  Maraging  Review) 


Figure  20  shows  an  interesting  comparison  of 
the  notch  toughness  of  two  ultrahigh-strength  steels 
with  the  conventional  titanium  and  aluminum  alloys 
used  for  aerospace  structures,  when  compared  at 
equivalent  strength-to-weight  ratios.  Note  that  all 
materials  appear  to  decrease  in  notch  toughness  as 
the  strength  level  is  raised,  and  the  steels  compare 
favorably  with  the  other  materials  on  a  notch- 
toughness  basis. 

In  conclusion,  primary  processing  can  exert 
profound  effects  on  ultrahigh-strength  steels,  not 
only  on  their  final  properties  and  perfor:  mance,  but 
also  in  some  instances  of  their  .abricability. 
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FIGURE  20.  EFFECT  OF  STRENGTH-TO-DENSITY 
RATIO,  ACHIEVED  BY  CHANGES  IN  COMPOSI¬ 
TION  OR  HEA.T  TREATMENT,  ON  NOTCH  TOUGH¬ 
NESS  OF  TWO  STEELS  COMPARED  WITH  AERO  * 
■SPACE  TITANIUM  AND  ALUMINUM  ALLOYS 

NTS  -  Notch  tensile  strength  ^  6.25 

UTS  s  Unnotched  tensile  strength 
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JOINING  OF  HIGH-STRENGTH  STEELS 
by 

Warren  F.  Savage* 


INTRODUCTION 

One  major  obstacle  to  full  utilization  of  steels 
with  yield  strengths  «*xc ceding  ^25,000  psi  is  f’c 
present  status  of  joining  technology.  Both  me¬ 
chanical  and  metallurgical  problems  have  been 
encountered  which  severely  complicate  the  appli¬ 
cation  of  the  available  joining  processes  to  these 
materials.  However,  joining  by  either  adhesive 
bonding  or  brazing  techniques  is  unlikely  to  intro¬ 
duce  any  novel  problems  other  than  insuring  ade¬ 
quate  load  carrying  capacity  by  suitable  joint  de¬ 
sign.  Thus,  the  extremely  high  resign  stresses 
constitute  a  mechanical  problem  likely  to  limit  the 
application  of  these  techniques  to  lap  joints  in 
relatively  thin  gage  material. 

A  review  of  the  literature  on  joining  of  high- 
strength  steels  indicates  that  the  major  problems 
are  associated  with  welding  of  the  high-strength 
steels  s.nd  are  largely  metallurgical  in  origin. 

The  novel  metallurgical  chai  acteristics  of  the 
various  types  of  high-performance  steels,  their 
relatively  high  alloy  content,  and  the  present  lim¬ 
ited  metallurgical  background  knowledge  combine 
to  provide  complex  problems  in  welding  metal¬ 
lurgy.  Therefore,  the  following  brief  review  has 
been  specifically  restricted  to  the  welding  of  high- 
strength  steels  and  is  primarily  limited  to  joining 
problems  of  a  metallurgical  nature. 

metallurgical,  CLASSIFICATION  OF 
HIGH-STRENGTH  STEELS 

From  a  metallurgical  standpoint,  high-strength 
steels  may  be  su'odivided  into  four  groups  on  the 
basis  of  strengthening  mechanism  as  indicated  in 
Table  1.  The  approximate  nominal  composition  of 
the  specific  examples  cited  for  each  type  are  sum¬ 
marized  in  Table  Z.,  while  Table  3  compares 
typical  room-temperature  mechanical  properties. 

TABLE  1.  CLASSIFICATION  OF  HIGH-STRENGTH 
STEELS  ON  THE  BASIS  OF  STRENGTH¬ 
ENING  MECHANISM 


Group 

Strengthening  Mechanism 

Example 

I 

Quenched  and  tempered  steels 

H-ll 

11 

Cold-worked  dainless  steels 

AISI  301 

III 

Precipitation-harde  ning 
stainless  steels 

PHI  5-7  Mo 

IV 

Msraging  steels 

18Ni(2S0) 

TABLE  nominal  COMPOSITION  OF  THE  TYPICAL  EXAMPLES 
OF  THE  FOUR  TYPES  OF  HIGH  -STRENGTH  STEELS 
CITED  IN  TABLE  1 


Croup: 

Type: 

Strengthening 

Mechaniem: 

1 

H  11 

Quench  and 
Temper 

U 

AlSa  30  1 
Cold  Worked 
65% 

lU 

Fhls-7  Mo 

P.-ecip.  H».'d 

IV 

18  Nl (250) 

Maraged 

c 

0.  3/0.  4 

0.  08/0.  20 

0.  09  max 

0,  03  max 

Mn 

0.  2/0.  4 

2.  0  max 

1.  0  max 

0.  1  max 

Si 

0.  S/I.  2 

1.  0  i«;x 

1-  0  max 

0.  1  max 

s 

-- 

0.  03  max 

0.  04  max 

0.  01  max 

p 

— 

0.  03  max 

0.  04  max 

0.  0!  max 

.  cr 

4.  75/5.  5 

16/18 

14/16 

-- 

Ni 

-- 

6/8 

6.  5/7.  75 

17/19 

Co 

-- 

-- 

-- 

7/8.  5 

Mo 

1.  25/1.  75 

-- 

2.  0/3.0 

4.  6/5.  2 

Ti 

“ 

-- 

-- 

0.  1/0.  5 

V 

0.  3/0.  5 

-- 

-- 

-- 

A1 

-- 

-- 

0,  75/1.  50 

0.  05'0.  15 

B 

-- 

-- 

-- 

0.003 

Zr 

-- 

-- 

-- 

0.  02 

c» 

-- 

-- 

-- 

0.05 

Fe 

Bal 

Bal 

Bal 

Bal 

The  materials  in  Croup  I,  of  which  H-1 1  is 
typical,  all  derive  their  high  strength  from  a 
microstructure  of  tempered  max'tensite.  The  alloy 
content  in  most  cases  is  sufficiently  high  to  render 
these  steels  air  hardenable,  and  therefore  the  high 
strength  levels  can  usually  be  obtained  in  thick¬ 
nesses  of  1  in.  or  more  without  special  quenching 
facilities.  However,  these  materials  tend  to  ex¬ 
hibit  retained  austenite,  and  multiple  tempering 
operations  are  often  employed  to  rI^inimize  this 
problem. 

The  materials  in  Group  U,  of  which  the  cold- 
worked  AISI  301  stainlesb  steel  is  typical,  derive 
their  high  strength  from  a  combination  of  work 
hardening  and  strain-induced  transformation  of  the 
metastable  austenite  to  martensite.  In  general, 
high  strength  levels  can  only  be  achieved  in  rela¬ 
tively  thin  sheet  and  small-diameter  wires  owing  to 
the  non-uniformity  of  plastic  straining  character¬ 
istic  of  thicker  sections. 

The  materials  in  Group  III,  of  which  PH15- 
7  Mo  is  typical,  derive  their  high  strength  from  a 
precipitation-hardening  reaction  following  the 
transformation  of  a  metastable  austenite  to  a 
martensitic  phase  in  cooling  from  a  rsrefully 
chosen  austenitizing  temperature.  Since  the  M, 
temperature  depends  upon  the  alloy  content  of  the 
austenite,  complete  solution  of  the  alloy  carbides 
causes  stabilization  of  the  austenite  and  interferes 
with  the  hardening  process  unless  the  proper 
austeiitizing  temperature  is  employed. 


*  Director  of  Welding  Re^iearch,  Rensselaer 
Polytechnic  Institute,  Troy,  New  York. 
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TABLE  3.  TYPICAL  ROOM-TEMPERATURE  MECHANICAL  PROPERTIES 
FOR  THE  FOUR  TYPES  OF  HIGH-STRENGTH  STEELS 
CITED  IN  TABLE  1 


Group 

I 

II 

m 

IV 

Type 

H  11 

AISI  301 

PH15-7  Mo 

18  Ni (250) 

Treatment  to 

1900  F  -  30  min 

Cold  Rolled 

1750  F  -  10  min  AC 

1500  F  -  1  h 

Achieve  Properties 
Noted 

AQ  Temper 

3  -k  3  -k  3  at  1050  F 

65% 

-100  F  -  8  hr 

950  F  i  hr  AC 

900  F  -  3  h 

Section  Thickness 

C.  135 

0.  020 

0.  020 

n.  5 

(in. ) 

Yield  Strength 

333,000 

344,000 

325,000 

250,000 

0.  3%  offset  (psi) 

Ultimate  Strength 

383,000 

260,300 

235,000 

357,000 

(psi) 

Elongation 

7.  0 

1.  5 

6.  0 

1.  2 

(%  in  3  in. ) 

Hardness 

53 

51.  5 

48 

51 

Rc 


The  maraging  steels  of  Group  IV  provide  high 
strength  levels  by  what  is  believtd  to  be  a  com- 
bii.ation  of  ordering  and  precipitation-hardening 
reactions  in  a  very  low  carbon  iron-nickel  mar¬ 
tensite.  The  irartensite  is  produced  by  a  revers¬ 
ible  shear  mechanism  which  is  essentially  inde¬ 
pendent  of  the  cooling  rate,  and  therefore  section 
8i7«  presents  no  limitation  to  the  hardening  pro¬ 
cess.  Although  the  95-1  10,000  psi  yield  strength 
of  the  "as-quenched"  martensitic  phase  is  too  low 
to  be  of  commercial  interest,  a  relatively  brief 
agiiij  treatment  at  900-950  F  may  be  employed  to 
increase  the  yield  strength  by  a  factor  of  3-3  times 
to  as  high  as  300,000  psi.  The  reversibility  of  the 
martensite  reaction  is  unique  to  this  family  of  high- 
. length  steels,  since  all  other  commercial  steels 
exhibit  irreversible  martensitic  reactions. 

WELDING  METALLURGY  OF  HIGH- 
STRENG'^II  STEELS 

Quenched  and  Tempered  Steels 

High  strength  levels  can  only  be  obtained  in 
these  steels  by  a  post-weld  qumch  and  temper 
operation.  Since  the  strength  Icvelo  required  are 
far  higher  than  can  be  obtained  by  solid-solution 
hardening,  filler  metals  utilizer'  with  the  fusion 
welding  processes  must  provide  an  as-deposited 
composition  with  heat-treating  characteristics 
identical  to  those  of  the  parent  metal.  This  re¬ 
striction ,  tog'-thcr  with  the  extreme  requireinents 
on  weld  integrity  imposed  by  the  poor  notch- 
toughness  of  the  high-strength,  quenched  and 
tempered  iteels,  has  led  to  almost  universal  ap¬ 
plication  of  the  tungsten-ineri-gas  (TIG)  proces  . 
using  a  cold  wire  of  matching  composition  fed 
directly  irlo  tnc  weld  puddle. 


Since  the  cooling  rates  associated  with  welding 
invariably  exceed  the  critical  cooling  rate,  the 
weld  and  those  portions  of  the  weld-heat-affected- 
zone  heated  above  the  critical  temperature  trans¬ 
form  to  a  brittle,  high-carbon  martensite  if  al¬ 
lowed  to  cool  through  the  martensite  transforma¬ 
tion  range.  Therefore,  it  is  customary  to  utilize 
pre-heat  and  interpass  temperatures  slightly  above 
the  Mg  temperature  to  avoid  martensite  formation 
during  welding.  The  entire  structure  is  then  heat- 
treated  immediately  after  welding,  usually  before 
the  weldment  cools  below  eome  specified  minimum 
post -weld  temperature. 

The  relatively  high  carbon  content  required  of 
this  family  of  steels  makes  the  exclusion  of  all 
sources  of  hydrogen  in  the  vicinity  of  the  weld  pud¬ 
dle  mandatory  if  hydrogen  embrittlement  and 
underbead  cracking  are  to  be  avoided.  Thus  acid 
pickling  of  the  work  or  filler  wire  is  inadvisable 
and  all  sources  of  moisture  in  the  arc  atmosphere 
must  be  eliminated. 

Hot  cracking  in  these  materials  is  often  en- 
c  J'lntered,  necessitating  expensive  repair  welding. 
A  vtter  understanding  of  the  mechanism  of  hol  ¬ 
er,,  .king  and  the  influence  of  both  material  compo¬ 
sition  and  welding  variables  on  the  hot -c racking 
prope.nsity  is  required  before  this  problem  can  be 
eliminated.  The  available  evidence  .ndicates  that 
inic rs  (-egregation  of  both  phosphi-.rus  and  sulfur 
contributes  to  the  observed  hot-cracking  problems. 
However,  the  choice  of  welding  variables  appears 
to  alter  the  microsegre  ion  pattern  for  these  ele¬ 
ments  and  thus  influence  the  hot-cracking  tendency 
for  a  given  ma  erial  composition. 


45 


Cold-Worked  Stainless  Steels 

The  inherent  stability  of  the  highly  alloyed 
austenitic  phase  in  most  of  the  steels  falling 
wUhin  this  category  necessitates  severe  cold 
working  to  produce  the  required  high  strength 
levels  by  a  combination  of  strain-induced  trans¬ 
formation  to  martensite  and  strain  hardening. 
Depending  upon  the  welding  process,  the  tempera¬ 
ture  distribution  surrouiiding  the  weld  causes  ir¬ 
reversible  weakening  of  the  weld-neat-affected- 
zone  by  one  or  more  of  several  mechanisms. 

Solid  state  welding  processes,  such  as  flash 
welding  and  electric  resistance  butt  welding,  pro¬ 
duce  temperatures  in  the  heat-affected  zone  suf¬ 
ficiently  high  to  cause  recrystallization,  thus 
eliminating  the  strengthening  effect  due  to  prior 
cold  work.  The  fusion  welding  processes,  which 
pro'  ide  temperature  gradients  embracing  the 
entire  range  of  temperatures  up  to  the  melting 
point,  cause  regions  of  the  heat-affected  zone  to 
experience  both  rex'ersion  to  austenite  and  severe 
gram  growth  in  addition  to  eliminating  the  strain 
hardening  effects.  The  -esulting  heat-affected- 
zone  mi-rostructure  retams  only  the  strength  im¬ 
parted  by  solution  hardening  effects  and  the  high 
strength  can  only  be  restored  by  repetition  of  the 
cold  working  operation.  The  microstructure  of 
the  weld  deposit  is  similar  in  this  regard,  and 
cold  working  is  rarely  possible  after  fabrication. 
Therefore,  steels  of  this  family  are  inherently 
incapable  of  being  fabricated  by  any  of  the  avail¬ 
able  welding  processes  witnout  a  considerable  loss 
in  strength. 

Precipitation-Hardening  Stainless  Steels 

The  composition  of  this  family  of  steels  is  ad¬ 
justed  to  permit  thermally  induced  transformation 
to  martensite  by  appropriate  heat  treatment.  The 
steels  are  then  subjected  to  a  precipitation  treat¬ 
ment  in  the  vicinity  of  950  F  to  develop  optimum 
strength  levels.  However,  the  desired  metastabil¬ 
ity  of  the  austenite  is  obtained  by  the  proper  choice 
of  austenitizing  temperature.  Exposure  to  tem¬ 
peratures  sufficiently  high  to  dissolve  the  alloy 
carbides  produces  excessive  austenite  stability  and 
thus  precludes  thermally  induced  transformation 
to  martensite. 

Weld  metal  closely  matching  the  base  metal 
in  both  composition  and  response  to  heat  treatment 
can  be  deposited  with  the  TIC  process  using  a  cold 
wire  of  suitable  composition  fed  directly  into  the 
weld  puddle.  However,  stable  austenite  is  pro¬ 
duced  in  both  the  as-deposited  weld  metal  and  ad¬ 
jacent  regions  of  the  heat-affected  zone  as  a  result 
of  the  high  temperatures  experienced  during  weld¬ 
ing.  Thus,  it  is  necessary  to  subject  the  entire 
structure  to  the  complete  hardening  heat  treatment 
after  the  welding  operation  if  high  strength  levels 
aie  to  be  obtained. 


Microsegregation  of  major  alloying  elements 
in  the  weld  deposit  i"?  difficult  to  homogenize  during 
subsequent  heat  treatment  and  often  makes  impos¬ 
sible  the  development  of  full  itre.ogth  in  the  de¬ 
posited  me^al.  In  addition,  nucrotegregation  of 
impurities  such  as  sulfur  and  phospi  orus  ma>  re¬ 
sult  in  hot-crackiiig  problems,  so  the  need  fc  •  ad¬ 
ditional  work  on  the  influence  of  welding  com  tions 
on  microsegregation  is  again  encounteied. 

Hydrogen-induced  cold  cracking  doeu  not  ap¬ 
pear  to  be  a  problem  in  these  materials,  pre:  um- 
ably  because  of  the  inherent  stability  of  the  austen¬ 
ite  in  the  heat-afVected  zone  in  the  as-weliiei 
condition.  Howe'^er,  the  use  of  processes  which 
minimize  the  access  of  hydrogen  to  the  weld  .irea 
is  sound  engineering  practice. 

Maraging  Steels 

The  recently  introduced  maraging  steel ,  offer 
great  promise  as  weldable,  high-strength  si  els. 
However,  in  the  transition  from  laboratory-f caie 
welciability  testing  to  commercial  application,  it  i.i 
not  surprising  that  problems  have  developed  Hot 
cracking  in  the  weld  and  weld  heat-affected  one 
during  fabrication  of  highly  restrain, d  struc  ares, 
and  reduction  in  strength  by  the  formation  oi  sta¬ 
bilized  austenitic  regions  constitute  the  major 
deterents  to  fi  ll  utilization  of  these  material  at 
ultrahigh  strength  levels.  Both  of  these  problems 
appear  to  be  related  to  the  pattern  of  microsegre¬ 
gation  produced  by  welding. 

Current  research  in  tne  welding  laborat  iries 
at  Rensselaer  seeks  to  evaluate  the  hot-cracking 
propensity  of  the  maraging  steels  and  to  determine 
tne  influence  of  process  variables  on  microsegre¬ 
gation  iti  the  weld  and  weld-heat-afiected  Z'  e. 

As  part  of  the  investigation,  a  new  testing  tr  :h- 
nique,  cnlled  the  VARESTRAINT  TEST  has  been 
evolved  which  promises  to  provide  a  quantit..tive 
evaluation  of  the  hot-cracking  tendency  in  an  inex¬ 
pensive  laboratory  specimen. 

Figu  re  1  summarizes  the  testing  mecha'ism 
in  achematic  form.  A  pneumatically  operate 
loading  system  is  employed  to  bend  a  specir  en  to 
a  predetermined  radius  while  a  weld  bead  is  being 
deposited  on  the  specimen.  The  specimen  i  <  sup¬ 
ported  as  a  simple  cantilever  beam  as  showi  in 
Figure  1,  and  a  loading  yoke  ia  located  nc*%r  the 
free  end  of  the  specimen.  A  longitudinal  we'  1  bead 
is  de oosited  as  indicated,  and  when  the  arc  i  caches 
point  "b"  at  the  left-hand  end  of  the  precision 
ground  die  block  ''A",  the  specimen  is  bent  kud- 
denly  by  a  force  "F  '.  As  the  specimen  is  fo  ced 
to  conform  to  the  radius  of  curvature  of  the  '  ie 
block,  the  outer  fibers  of  the  specimen,  IncludL-ig 
the  weld  bead,  heat-affected  zone,  and  unaft*  cted 
base  metal,  experience  a  uniform,  suddenly  ip- 
plied  strain.  The  magnitude  (  *  the  strain  ca^i  b<; 
calculated  from  the  specimer  ,eometry  and  the 
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radius  of  curvature  of  the  die  block,  and  the 
amount  of  strain  can  be  varied  by  simply  substi¬ 
tuting  a  die  block  of  different  radius. 
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FIGURE  1.  SOdPUFJOED  SKETCH  OF  THE 
OPERATION  O;  IHE 
'"/ARESTRAINT’'  TESTING 
DEVICE 


The  primary  advantage  of  this  method  is  that 
a  constant  reproducible  strain,  of  magnitudj  es¬ 
sentially  independent  of  the  welding  parameters, 
ia  applied  simultaneously  over  a  finite  length  of 
weld.  Thus,  the  same  augmented  strain  is  sud¬ 
denly  a^ied  to  the  actual  welded  composite  at 
temperatures  ranging  from  the  melting  point  to 
far  below  :he  hot-c racking  range.  In  addition, 
tungsten-tungstea-rhenium  thermocouples,  |dunged 
into  the  weld  puddle  and  allowed  to  freeae  ia  poei- 
tion,  have  been  weed  to  estahlieh  the  influence  of 
welding  varieblee  and  epecimen  geometry  on  the 
temperature  dtatribution  elong  the  weld.  From 
thece  data  and  th*  crack  location,  the  temperature 
range  over  which  hot  cracking  occure  for  a  given 
level  of  augmented  etrain  can  he  evaluated  ae  an 
additional  quantitative  index  of  the  hot-cracking 
propensity. 

Figure  2  ehowe  typical  exAm^dea  of  heat- 
atfected  sons  mic  roc  racks  obssrvsd  in  an 


as-welded  18Ni  (250)  maraging  steel.  This  photo¬ 
micrograph,  taken  at  lOOX,  reveals  intergranular 
microcracks  ranging  from  0.001-0.008  in.  long 
located  in  the  coarsened  region  of  the  heat-affected 
xone  immediately  adjacent  to  the  weld  fusion  zone. 
In  all  cases,  the  cracks  are  essentially  perpendic¬ 
ular  to  the  fusion  zont:  bo'mdary  and  thus  trans¬ 
verse  to  the  augmented  etrain. 


FIGURE  2.  TYPICAL  HEAT-AFFECTED-ZONE 
MICROCRACKS  IN  AS-WELDED 
18Ni  (250)  MARAGING  STEEL 

Etched  with  modified  Marbles  Re¬ 
agent;  lOOX  (reduced  spproximstely 
20  per  cent  in  printing). 

Figure  3  shows,  at  lOOX  magnification,  hot 
mici-oc racks  typical  of  those  observed  in  the  weld 
deposit  of  VARESTRAINT  specimens.  Thece 
cracks  arc  always  either  intergranular  or  are  lo¬ 
cated  in  the  eubgrair  boundaries  produced  by  the 
solidification  process.  The  orientation  of  the 
cracks  is  completely  dependent  upon  the  orlents- 
tioQ  of  the  grain  and  eub-graln  boundaries  pro* 
duced  during  solidification  and  ranges  from  nearly 
parallti  to  nearly  perpendicular  to  the  direction  of 
th«  augmented  strain. 

Prt'onlnary  metallographic  studies  indicate 
that  the  boundary  reglone  where  cracking  occurs 
are  solute  rich  areas  where  extonetve  mlcrosegre- 
gatlofi  Is  present.  Preliminary  Ice's  have  demon¬ 
strated  that  the  aaturu  and  extent  of  this  mlcro- 
segregation  car  be  altered  by  appropriate  choice 
of  welding  variable! ,  thus  suggesting  that  the  hot- 
cracking  propensity  of  a  given  material  can  be 
minimised  by  the  choice  of  optimum  welding  con- 
ditioni'.  Further  work  in  prog^-se  to  eetabliah 
techniques  for  estehlishing  welding  parametcra 
providing  microstruciurea  with  the  minimum 
cracking  propensity. 


f 


47 


FIGURE  3.  TYPICAL  MICROCRACKS  IN 
AS-DEPOSITED  TIG  WELD  IN 
18Ni  (250)  MARAGING  STEEL 


FIGURE  4.  TYPICAL  MICROSTRUCTURE  OF 
TIG  WELD  IN  18Ni  MARAGING 
STEEL 
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printing). 

Figure  4,  taken  at  50CX  of  a  weld  in  18Ni 
(250)  maraging  ateel  after  aging,  shows  typical 
regions  of  alloy-rich  retained  austenite  at  the 
solidification  subgrain  boundaries.  This  high- 
-'loy  austenite  is  extremely  stable  and  did  not 
respond  to  the  900  F  post>4veId  aging  treatment. 
Unless  the  welding  conditions  are  chosen  to  pro  ¬ 
vide  minimal  quantities  of  randomly  dispersed 
alloy-rich  retained  austenite,  serious  impairment 
of  wold  strength  can  result  after  local  aging. 
Furthermore,  the  microcegregation  produced 
during  solidification  exaggerates  the  tendency  for 
austenite  reversion  in  those  portions  of  multipa  s 
welds  reheated  by  the  deposition  of  subsequent 
passes. 

Although  considerable  joining  of  maraging 
steels  has  been  performed  using  TIC  welding  with 
a  cold  wire  feed,  submerged  arc-welding  tech¬ 
niques  have  recently  been  developed  which  prom¬ 
ise  to  provide  greatly  increased  deposition  rates. 
One  of  the  major  problems  in  developing  suitable 
submerged  arc-welding  fluxes  is  the  necessity  for 
eliminating  silaceous  ingredients  in  order  to  pre¬ 
vent  excessive  silicon  in  the  deposited  metal.  Al¬ 
though  this  problem  has  been  averted  by  certain 
propru-tary  fluxes,  additional  research  is  n'-ces- 
sary  before  consistently  sound,  high-quality  welds 
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are  assured  with  routine  commercial  fabrication 
techniques. 

SUMMARY  OF  THE  CURRENT  STATE 
OF  THE  ART 

Numerous  applications  of  the  quenched  and 
tempered  steels  at  high  strength  levels  have  dem¬ 
onstrated  that  these  materials  can  be  successfully 
joined  by  fusion  welding  if  special  care  iu  exer¬ 
cized  and  the  structure  can  be  heat  treated  after 
fabrication.  The  high-strength,  cold-workod 
•tainless  steels  appear  to  be  unsuited  to  fabrica¬ 
tion  by  any  existing  welding  technique,  since  it  is 
usually  impcssible  to  apply  the  cold-working 
operation  required  to  restore  the  loss  of  strength 
caused  by  the  heat  of  welding.  The  precipitation¬ 
hardening  stainless  steels  currently  available  are 
marginal  in  ability  to  achieve  the  required  yield 
strength  levels.  Accordingly  little  application  has 
been  made  of  these  materials  in  the  225,000  psi 
range  and  almost  no  welding  technology  exists 
The  maraging  steel'  -'fer  the  greatest  promise  as 
weldable  high-streng.n  steels,  but  additional  re¬ 
search  will  be  required  to  establish  an  adequate 
welding  techn  .ogy  based  upon  sourd  welding 
metallurgical  principles. 
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SECONDARY  FORMING  PROCESSES  AND  THEIR 
EFFECTS  ON  RESULTING  PRODUCTS 

by 

Willia  ,1  W.  Wood* 


ABSTRACT 

The  current  trend  toward  higher  usage  of  new 
high-strength  materials  such  as  the  high-strength 
steels  is  posing  a  considerable  problem  in  the  de¬ 
fense  industry  for  both  the  design  and  manufactur¬ 
ing  engineer.  In  particular,  the  ma  facturing 
engineer  is  faced,  not  only  with  deficiencies  in 
fabrication  of  these  new  materials  such  as  secon¬ 
dary  forming,  but  also  with  the  quality  assurance 
of  producing  a  sound  part  free  of  defects. 

This  paper  is  being  presented  to  bring  out 
the  manufacturing  problems  associated  with  secon¬ 
dary  forming  of  new  high-strength  steels,  and  to 
give  indications  of  possible  solutions  for  the 
future.  The  conventional  forming  processes  to 
be  discussed  are  bending,  flanging,  stretching, 
drawing,  and  bulging;  while  the  advanced  proces¬ 
ses  are  shear  spinning,  high-velocity,  high- 
temperature,  and  high-pressure  forming. 

The  presentation  will  be  centered  around 
formability,  quality  of  resulting  parts,  final 
shaping  and  sizing,  process  limitations,  and  re¬ 
sulting  mechanical  properties.  Formability  will 
be  discussed  for  the  various  processes  by  giving 
relative  formability  of  the  high-strength  steels 
to  other  high-strength  alloys.  The  quality  of  the 
resulting  parts  will  be  discussed  for  distortions 
such  at  buckling,  twisting  and  crippling,  spring- 
back,  thickness  reductions  and  variations,  and 
inspection  techniques. 

Methods  of  controlling  the  quality  of  parts  by 
final  shaping  and  sizing  will  be  presented.  These 
will  include  handwvrking,  creep  forming,  and 
heat-treat  fixturing.  In  addition,  the  limitations 
of  the  processes  will  be  given.  These  will  include 
friction  resulting  in  localised  thinning,  heat 
applications,  atmospheric  protection,  available 
pressures  and  energy,  and  tooling  applications. 
Finally,  resulting  mechanical  properties  will  be 
discussed. 


IDRMABILITY  AND  MATERIAL 
PROPERTIES 


splitting  and  buckling,  respectively,  Bending 
also  results  in  a  splitting  failure,  but  without  the 
instability  shown  for  pulling. 
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FIGURE  1.  WAYS  OF  DEFORMING  METAL 


Pulling  a  piece  of  sheet,  metal  by  application 
of  a  tensile  load  will  lead  to  various  degrees  of 
instability,  as  shown  in  Figure  2,  depending  on 
the  relative  amounts  of  biaxial  loading  in  the  plane 
of  the  sheet.  Simple  tension  loading  results  in  a 
highly  localized  neck  that  is  at  an  angle  of  approxi¬ 
mately  5S*  to  the  loading  direction,  whereas 
balanced  biaxial  loading  results  in  a  diffuse-type 
necking  with  the  instability  spread  over  a  rela¬ 
tively  large  area.  Plane  strain  loading  will  re¬ 
sult  in  an  instability  between  the  other  two. 

Pushing  a  piece  of  sheet  metal  by  the  applica¬ 
tion  of  compressive  loads  will  result  in  various 
types  of  instability  and  buckling,  as  shown  in 
Figure  3,  depending  on  the  direction  of  loading  and 
the  type  of  edge  restraint  on  the  p-rt.  Similar 
types  of  b'ckling  are  shown  for  compressive  end 
loading  of  an  element  of  sheet  metal,  shear  load¬ 
ing  on  the  edges,  and  tensile  loading  on  the  inside 
edge  of  a  circular  element.  Twist  buckling  is 
shown  for  compressive  end  loading  of  an  angle 
section  which  results  from  spring-back  and  re¬ 
sidual  stresses  in  linear  contoured  parts. 


As  shown  in  Figure  1 ,  there  are  four  basic 
ways  of  deforming  sheet  metal— by  pulling,  push¬ 
ing,  bending,  and  twisting.  The  first  three  of 
these  are  used  extensively  in  sheet-metal  forming 
with  the  various  machines  developed  for  thi*  pur¬ 
pose.  Pulling  and  pushing  result  in  instabilities 
as  shown  and  when  carried  beyond  definite  limits 
of  the  material  and  part  shape,  failure  occurs  by 
*V ought  Aeronautics  Division,  Ling-Temco- 
Vought,  Inc.  ,  Dallas,  Texas. 


These  types  of  loading  on  sheet-metal  parts 
can  be  related  to  the  formability  of  materials  by 
various  formability  indices  based  on  the  mechani¬ 
cal  properties  of  the  material.  Figure  4  gives 
some  indices  used  for  predicting  the  formability 
of  a  few  typical  sheet-metal  forming  processes. 
Brake  forming  has  been  related  to  the  l/4-inch 
gage  length  elongation  giving  the  bend  radius  to 
thickness  ratios  shown  for  the  four  materials. 
Stretching  over  a  larger  area,  as  in  linear  and 
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plane  stretch  forming,  can  be  predicted  by  forma- 
bility  indices  baaed  on  a  larger  gage  length  such 
as  the  two -inch  elongation.  Both  buckling  and 
spring-back  can  be  related  to  the  ratio  of  the 
modulus  of  elasticity  to  the  yield  stress  E/S.  It 
will  be  shown  that  the  high  value  given  for  aluminum 
and  the  low  value  for  titanium  represent  the  rela¬ 
tive  difficulty  in  initial  and  finish  forming  of  the 
latter  material  over  the  former.  The  two  high- 
strength  steels  are  shown  to  be  intrrrr.ediatc. 

LIMITATIONS  IN  SHEET-METAL 
FORMING 

All  sheet-metal  forming  operations  have  re¬ 
strictive  limitations  based  on  the  fundamental 
nature  of  the  process.  In  matchod  die  forming  on 
the  hydraulic  presses  and  drop  hammer,  it  is 
principally  the  friction  between  the  die  and  the 
part  and  the  localiaaflon  of  heat  in  hot  forming.  In 
high-velocity  forming,  friction  is  virtually 
sliminatcd,  but  some  materials  become  brittle 
when  formed  beyond  a  critical  speed,  in  rubber 
forming,  the  limitations  arc  primarily  associated 
with  the  pressure  limits  with  additional  restric¬ 
tions  of  iriction.  In  the  stretching  operations, 
friction  and  the  inability  to  distribute  heat  properly 
are  the  principal  limiting  factors. 

In  order  to  evaluate  these  limitations  properly 
with  regard  to  the  high-strength  steels,  it  will  be 
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FIGURE  4.  FORMABILITY  OF  ANNEALED 
MATERIALS 

helpful  to  analyse  the  pressure  limitations  in  rub¬ 
ber  forming  for  sprii.g-back,  part  definition,  and 
shrink  flanging. 

The  relationship  between  pressure  and  spring- 
back  for  four  materialr.  Is  sl-.uwn  in  Figure  i  for 
rubber-pad  forming.  It  is  indicated  that  pressure 
has  a  critical  influence  on  the  spring-back  of  the 
four  materials,  generally  a  two-to-onc  factor  for 
practical  pressure  values.  The  materials  proper¬ 
ties  are  shown  to  have  an  even  greater  influence 
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on  spring-back,  however,  which  is  directly  related 
to  the  ratio  of  the  tensile  yield  to  modulus,  Sty/E. 
Because  of  the  fact  that  current  production  in  the 
aircraft  industry  is  limited  to  approximately  10,000 
psi,  the  spring-back  values  are  18*,  11*,  5*,  and  2*, 
respectively,  for  the  6A1-4V  titanium,  l8Ni  marag- 
ing  steel,  VJ-1000  tool  steel,  and  2024-0  aluminum. 
The  critical  pressure  line  is  shown  to  coincide  with 
the  index  line  and  is  defined  as  the  pressure  for 
each  mate  "ial  above  which  little  gain  can  be  made 
on  spring-back.  It  should  be  noticed  that  the  two 
high-strength  steels  show  intermediate  spring- 
back  values  between  the  aluminum  and  titanium, 
indicating  the  relative  effort  required  in  tool 
development  and  finish  forming  for  the  four 
materials. 

The  effect  of  rubber  forming  pressure  on 
part  definition  is  shown  in  Figure  C  for  Vascojet 


1000  tool  steel.  For  this  typical  high-strength 
steel,  it  can  be  seen  that  current  production  limits 
of  10,000  psi  are  inadequate.  In  order  to  obtain  a 
reasonable  value  of  4t  free  form  radius,  it  is  neces¬ 
sary  to  maintain  a  33,000-psi  rubber -forming  pres¬ 
sure  for  the  VJ-1000,  whereas  only  7,000  psi  is 
needed  for  2024-0  aluminum.  For  this  reason, 
the  high-strength  steels  are  virtually  ruled  out  for 
current  production  rubber  forming  except  for  thin 
gages  below  0.  020.  Most  shallow  recessing  for 
the  high-strength  steels  is  accor.iplished  on  the 
hydraulic  nd  drop-hammer  presses  with  matched 
dies. 

The  effect  of  shrink  flange  limits  for  various 
pressures  is  given  in  Figure  7  for  VJ-1000.  It  is 
shown  that,  for  a  fairly  severe  radius  of  curvature 
R  of  10  inches,  the  maximum  flange  that  can  be 
formed  with  15,000  ps:  is  0,75  inch;  whereas  for 
the  larger  radius  of  30  inches,  it  is  2.25.  For 


FIGURE  6.  PART  DEFINITION 
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this  reason,  flanging  of  the  high-strength  steels  on 
the  rubber  press  is  generally  limited  to  the  larger 
radii  of  curvature  on  the  order  of  25  to  30  inches. 
More  8e\  ■  .'ely  curved  parts  have  to  be  formed  on 
matched  dies.  In  comparison,  it  is  shown  that  the 
same  parts  requiring  15,000  psi  for  VJ-1000  re¬ 
quire  only  2,000  psi  for  aliuninum. 

HOT  FORMING  AND  SIZING 

The  ability  to  control  distortions  such  as 
buckles,  wrinkles,  spring-back,  oil  canning,  and 
to  a  limited  extent  part  definition,  depend  largely 
on  the  creep-forming  temperature  of  the  material. 
This  is  the  temperature  at  which  appreciable  metal 
iTiovem^nt  will  occur  in  a  reasonable  time,  general¬ 
ly  leon  than  10  minutes. 

The  creep-forming  temperature  is  given  in 
Figure  8  for  a  titanium  alloy  and  a  high-strength 
steel.  The  high  temperature  of  1900  F  required 
for  finish  forming  of  VJ-IOOO  precludes  this  type 
of  operation  for  this  material  because  of  the  low 
recrystallieation  temperature  and  the  high  tooling 
cost.  Even  though  the  previous  charts  and  graphs 
have  shown  titanium  to  be  significantly  inferior  in 
resistance  to  buckling,  spring-back,  and  other 
distortions,  the  total  forming  cosU  are  low  in  com¬ 
parison  with  the  high-strength  steels  largely  be¬ 
cause  of  almost  total  elimination  of  hand  working 
by  hot  finish  forming.  Titanium  is  readily  hot 
formable  for  two  principal  reasons:  (1)  the  creep¬ 
forming  te'ii,jeralure  is  below  the  recrystalliaatlon 
and  contamination  temperature,  and  (2)  the  creep- 
forming  temperature  is  within  the  limits  of  current 
tooling  ma:  -rials  such  as  cold-rolled  steel  and 
cast  iron  without  the  need  for  coatings. 

Most  of  the  high-strength  steels  are  highly 
creep  resistant,  thereby  eliminating  them  from 
hot^laish  forming.  Improvements  in  formability 
-re  insignificant  below  their  recrysUlliaatlon 
temperature,  which  also  virtually  eliminates  them 
from  the  hot<dorming  class.  For  these  reasons, 
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FIGURE  8.  HOT  FORMING  AND  SIZING 


these  high-strength  steels  will  requirs  hand  work¬ 
ing  and  the  total  forming  coats  will  reflect  this  re¬ 
quirement. 

HIGH-VELOCITY  FORMING 

Most  materials  are  very  applicable  to  high- 
velocity  forming  as  long  as  it  is  performed  below 
a  critical  velocity  above  which  the  material  be¬ 
haves  in  a  brittle  manner.  A  number  of  materials 
exhibit  a  significant  increase  in  ductility  with 
forming  velocities  to  700  #t/sec,  well  into  the  hlgh- 
explosive-forming  range. 

Figure  9  illustrates  some  important  forming 
pnrameters  for  high-velocity  forming  of  domes  for 
an  aluminum,  a  high-strength  steel,  and  a  titanium 
alloy.  The  chart  illustrates  the  significant  im¬ 
provement  in  uniform  elongation  for  aluminum  and 
titanium  over  static  forming  values.  However, 
both  materials  have  a  relatively  low  critical  fornr.- 
ing  velocity  in  the  lower  range  of  high  explosive 
forming,  and  consequently,  are  critical  with  re¬ 
gard  to  the  siae  of  the  explosive  charge,  stand-off 
distance,  etc.  The  titanium  alloy  is  further  re¬ 
stricted  to  forming  at  elevated  temperature  at  the 
high  velocities  which  practically  necessitates  form¬ 
ing  in  air  with  low  explosives  or  the  equivalent. 

The  high-strength  steel  shows  little  gain  in  ductil¬ 
ity,  iMit  it  is  important  to  note  that  there  is  no 
decrease  in  formability  even  to  the  high-velocity 
ranges  of  high  explosive  forming. 
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Presented  in  Figure  10  is  a  typical  formability 
limit  graph  for  high  explosive  forming  of  AM-350 
stainless  steel  and  2024-T3  aluminum  for  three - 
part  shapes.  In  contrast  with  static  deep  drawing 
of  these  part  shapes,  it  can  be  seen  that  high- 
explosive  deep  recessing  results  from  both  a  draw¬ 
ing  and  stretching  action.  For  the  heavier  gage 
materials  with  an  H/t  below  200,  good  formability 
can  be  accomplished  because  of  the  large  amount 
of  draw  that  can  be  effected.  Above  a  critical  H/t, 
representing  thin  gages,  the  best  formability  can 
be  obtained  by  a  rigid  clamping  of  the  edges  of  the 
part,  thereby  restraining  the  drawing  action.  Inter¬ 
mediate  gages  in  the  transition  region  of  the  curves 
require  precise  control  over  the  hold-down  ring 
pressure  in  order  to  obtain  optimum  formability. 
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FIGURE  9.  HIGH-VELOCITY  FORMING  OF 
DOMES 
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FIGURE  i(\  HIGH-EXPLOSIVE  FORMING 


In  examining  the  index  values  shown  on  the 
table,  it  is  evident  that  VJ-1000  maintains  a 
formability  comparable  with  AM  *350,  somewhat 
higher  than  the  aluminum  alloy,  even  though  the 
uniform  elongation  is  lower.  This  results  from 
the  fact  that  most  of  the  forming  action  is  accom¬ 
plished  by  draw  under  conditions  of  good  control 
of  the  pressure  pad. 


The  strains  resulting  in  the  plane  of  the 
sheet  are  shown  in  Figure  11  for  the  explosive 
formir  of  domes,  as  an  example.  This  type  of 
graph  will  give  some  insight  into  the  relative 
importance  of  drawing  and  stretching  in  explosive 
forming.  On  analysis  of  the  two  strains  across 
the  dome,  it  can  be  seen  that  the  biaxial  strain 
condition  varies  from  balanced  biaxial  at  the 
crown  to  pure  shear  within  the  flange.  The  origi¬ 
nal  bend  line  at  B  represents  the  area  of  plane 
strain  where  the  circumferential  strain  vanishes. 
When  forming  is  below  the  critical  velocity, 
failure  will  invariably  occur  in  the  crown  at  the 
point  of  highest  balanced  biaxial  strain.  Even 
though  only  diffuse-type  necking  has  occurred  in 
this  area,  the  part  has  strained  sufficiently  to 
reduce  the  thickness  a  considerable  amount. 

When  the  critical  velocity  has  been  exceeded, 
failure  will  occur  circumferentially  on  a  line  be¬ 
tween  B  and  C. 
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FIGURE  11.  BIAXIAL  STRAINS  IN  EXPLOSIVE 
FORMING  OF  IX)MF. 


THICKNESS  STRAINS  IN 
SHEET-METAL  FORMING 
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MECHANICAL  PROPERTIES 
FROM  SHEAR  FORMING 


Thinning  of  parts  resulting  from  sheet-metrl 
forming  is  often  a  critical  problem  both  in  design 
and  fabrication.  The  design  has  to  be  such  that  the 
part,  after  it  has  been  formed,  will  sustain  the 
structural  load.  If  appreciable  thinning  has  oc¬ 
curred  in  some  areas  of  the  part  and  not  in  others, 
the  part  may  be  heavier  and  less  efficient  than  a 
part  with  more  uniforni  thinning.  If  too  much 
thinning  occurs  locally  during  the  initial  forming 
stages,  the  part  may  become  unable  to  sustain 
further  loading  for  completion  of  forming. 

Figures  12  and  13  illustrate  the  amounts  and 
distribution  of  thinning  that  occ»*r  from  forming 
typical  aircraft  parts.  Drawing  of  the  cylinder 
and  dome  illustrates  the  large  gradients  in  thin¬ 
ning  that  can  occur  in  forming  these  parts,  par-' 
ticularly  at  the  high-velocity  rates.  The  dome, 
for  example,  can  thin  to  as  much  as  60  per  cent 
in  the  crown  and  thicken  to  as  much  as  30  per  cent 
on  the  outer  edge.  These  large  amounts  of  thin¬ 
ning  are  not  so  detrimental  in  design  as  it  might 
first  appear  because  the  areas  that  thin  the  most 
are  the  ones  that  generally  take  the  least  struc¬ 
tural  load. 


HGURE  12.  THICKNESS  STRAINS  IN  SHEET- 
METAL  FORMING 


The  shear-forming  process  has  been  used  ext'-n- 
sively  in  the  aerospace  industry  in  the  past  few  years, 
particularly  in  the  large  missile  industry  for  the 
forming  of  conical  and  to  a  lesser  extent  hemispheri¬ 
cal  and  cylindrical  shapes.  The  process  is  a  natural 
for  the  conical  shapes,  but  problems  are  encountered 
in  the  forming  of  the  other  two  shapes  br;cause  pre¬ 
machined  or  prewelded  blanks  are  required. 

One  of  the  most  intriguing  shapes  to  be  formed 
by  the  process  is  a  cylindrical  part  that  can  be 
shear  formed  by  either  a  forward  or  back  extrusion. 
This  is  the  only  production  method  available  to 
produce  these  shapes  free  of  a  longitudinal  weld. 

Some  interesting  material  properties  result 
from  such  a  heavy  plastic  working  as  shown  in  Fig¬ 
ure  14.  These  properties  were  developed  on  a  WADD 
contract  for  the  Air  Force  in  1961  by  Ling-Temco- 
Vought,  Inc.  The  parts  were  back- extrusion  shear 
formed  at  room  temperature  using  the  18  nickel 
managing  steel  alloy.  It  is  evident  that  a  12-15  per 
cent  increase  in  tensile  yield  can  be  obtained  by  i 
shear-forming  and  double-aging  ope  rat  on  over  the 
as-received  material.  The  ductility,  however,  was 
decreased  from  8.8  per  cent  to  2.45  per  cent. 


FIGURE  13.  THICKNESsS  STRAINS  IN  SHEET- 
METAL  FORMING 
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THE  SURFACE  INTEGRITY  OF  MACHINED-AND-GROUND 
HIGH-STRENGTH  STEELS 

bv 

Michael  Field  and  John  F.  Kahlea* 


ABSTRACT 

In  machining  or  grinding  of  high-strength 
steels,  there  is  a  strong  tendency  to  produce  sig¬ 
nificant  alterations  in  the  surface  layer,  such  as 
plastic  deformsition,  higbHemperature  gradients, 
rehardening,  overtemperhig,  and  residual  stress. 
Data  are  presented  which  show  the  advantages  of 
using  low-stress  machming-and-grinding  conditions 
to  control  these  surface  alterations  and  their  re¬ 
sultant  effects  on  distortion,  stress  corrosion,  and 
mechanical  properties,  incl.j:dijig  fatigue,  of  high- 
strength  steels,  such  as  4340  and  06AC.  In  using 
uncontrolled  machinir:};;  or  '^rinding  conditions, 
which  often  resuJ.t  in  sbusive  shop  practices,  a  re- 
hardened  brittle  martsiisific  layer  is  developed  on 
the  surface  during  ariiling,  milling,  grindmg,  and 
abrasive  cutoff  of  43  40  and  D6AC.  Similar  re¬ 
hardened  layers  along  with  remelted  surface  ma¬ 
terial  are  observed  in  electrical- 'iischarge  ma¬ 
chining.  Secondary  methods  to  Lmpart  beneficial 
surface  characteristics  to  machined  and  ground 
surfaces,  such  as  heat  treating,  shot  peening,  and 
tumbling,  are  reviewed  along  with  methods  for  de¬ 
tection  and  meaiurerr.ent  of  surface  changes. 

INTRODUCTION 

High-strength  steels  are  being  used  for  the 
manufacture  of  important  aerospace  components, 
such  as  locket-motor  cases,  landing  gears,  .ipars 
and  otbei;  primary  aircraft  structures.  In  an 
ever-continuing  attempt  to  increase  strength- 
weight  ratios,  cross  sections  of  components  are 
being  decreased  so  that  the  ratio  of  surface  layer 
is  becnm  ng  increasingly  large  with  respect  to  the 
overall  thickrAces.  The  nature  of  the  eurface  layer 
le  thue  requiring  added  attention  in  research  and 
development,  design  and  manufacturing. 

The  purpose  of  this  paper  is  to  call  greater 
attention  to  some  of  the  subtle,  but  highly  signifi¬ 
cant,  changes  which  can  be  affected  in  the  eurfece 
of  high-strength  ateele  by  machining  and  grinding 
processes.  Heretofore  moat  attciition  in  consid¬ 
eration  of  these  proceasee  has  been  centered  on 
rates  of  metal  removal,  tool  or  grinding  wheel 
life  and  surface  finish.  Demands  now  call  for 
greater  eurface  integrity  of  parts  since  it  has  been 
found  that  average  processing  fr-qucntly  ,  roduccs 
a  highly  etrcBeed  and  sometimes  a  damaged  sur¬ 
face  on  the  workpiece.  Some  companies  producing 
areospace  components  no  longsr  allow  machinists 
to  set  their  own  conditior.a  in  the  shop.  Not  only 


are  wheels  and  tools  specified,  but  feed  rates, 
cutting  speeds  .'.nd  other  pertinent  cutting  condi¬ 
tions  are  controlled  under  carefully  designed 
specifications. 

Such  specifications  are  aimed  to  eliminate 
high  residual  stresses  and  thus  distortion,  as  well 
as  to  reduce  significantly  the  possibility  of  caus¬ 
ing  excessive  surface  damage  resulting  from 
metallographic  changes,  such  as  those  which 
occur  in  the  rehardening  of  tempered  martensite. 

A  number  of  the  new  alternative  metal  re¬ 
moval  processes,  such  as  electrical-discharge 
machining  and  electron-beam  machining,  create 
a  layer  of  melted  metal.  The  extent  of  the  af¬ 
fected  surface  can  be  controlled  and  should  be  r  - 
moved  for  many  applications  involving  aerospace 
components  which  are  being  produced  under 
closely  held  specifications. 

In  the  following  discussion,  various  important 
aspects  of  the  relationship  of  metal  removal 
processes  to  the  surface  being  produced  are 
presented. 

In  machining  and  grinding  of  any  alloy,  the 
generated  surface  is  subjected  to  varying  degrees 
of  deformation  and  heating.  The  resulting  sur¬ 
face  produced  has  a  disturbed  layer  that  may  con¬ 
tain  surface  a'terations  of  the  following  types: 

1.  Plastic  Deformation 

Surfaces  produced  by  cutting  or  grinding  op¬ 
erations  are  frequently  plastically  deformed. 
The  material  In  the  mair.  body  of  the  chip  le 
subjected  to  very  large  strains,  strain  rates 
.'nd  temperatures  undsr  conditions  of  unusual 
restraint.  These  up.ique  conditions  of  plastic 
deformation  yield  large  amounts  of  strain 
hardening.  AD  the  conditions  pertaining  to  the 
formation  of  chips  influence  the  character¬ 
istics  of  the  finished  surface,  since  before  the 
newly  formed  surface  la  generated  it  ie  physi¬ 
cally  connected  with  the  chip.  The  extent  to 
which  the  deformed  sone  extends  below  the 
cutting  edge  in  front  of  the  tool  determines  the 
extent  of  deformation  in  the  >'lniBhcd  surface. 

In  addition  to  the  plastic  deformation  ss- 
eoclated  with  chip  formation,  a  newly  cut  sur¬ 
face  may  be  burnished  by  dull  cutting  tools  or 
loaded  grinding  wheels.  Subaurfner  plastic 
deformation  and  strain  hardening  can  be 


•  Michael  Field,  Freeidcnt,  and  John  F.  Kahlea, 
Vice  President,  Metcut  Resesreh  Associatre, 
Inc.  ,  Cmcinnati,  Ohio. 


detec  I  ed  by  metallographic  examination  and  by 
a  microhardness  survey. 
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7, 


Macrosurface  Cracks 


2.  Temperature  Gradient 

The  surface  temperature  of  a  machined  part 
will  reach  very  high  values  during  cutting  with 
temperatures  over  1500  F  being  possible.  The 
fact  that  the  bulk  of  the  matei  ,al  immediately 
below  a  machined  surface  will  be  at  a  low  tem¬ 
perature  gives  rise  to  temf>erature  gradients 
that  are  unusually  severe. 

3.  Residual  Stress 

The  presence  of  I  srge  amounts  of  plastic  strain 
in  a  freshly  machined  surface,  together  with 
high  surface  temperatures  and  temperature 
<;;rahients,  results  in  residual  stress  patterns 
in  the  surface  layer.  The  residual  stresses 
may  be  principally  coniined  to  a  depth  of  only 
.  001  or  .  002",  while  in  other  cases  the 
stresses  may  exist  to  a  depth  of  .  020",  de¬ 
pending  upon  the  type  and  severity  of  the  mate¬ 
rial  removal  process.  The  residual  stress 
pattern  may  Oe  principally  tensile  or  com¬ 
pressive.  It  may  be  compressive  at  the  im¬ 
mediate  surface  and  may  change  to  become 
predominantly  tensile  at  a  layer  .  001  to  .  002" 
below  the  surface, 

4.  Metallurgical  Transformation 

When  steel  is  ground,  the  surface  temperature 
may  reach  a  value  sufficiently  high  to  cause  a 
thin  layer  to  transform  to  austenite.  Due  to 
the  extremely  high  rate  of  cooling  associated 
with  the  large  temperature  gradient  that 
normally  exists  at  a  surface  being  machined  or 
ground,  the  austenitic  layer  transforms  to  hard 
martensite,  bainite  ind  other  decomposition 
products.  ^ The  volume  changes  associated 
with  these  transformations  induce  residual 
stresses.  Steels  are  not  unique  in  this  respect 
for  similar  transformations  occur  many 
other  alloy  systems. 

5.  Overtempering 

When  hardened  and  tempered  steel  surfaces  are 
machined  or  ground,  the  neat  generated  during 
these  operations  may  develop  temperatures 
considerably  higher  than  the  original  tempering 
temperature  and  thus  cause  a  softening  of  the 
surface  due  to  overtempering  of  martensite. 

6.  Spattered  Molten  Metal 

In  some  metal  removal  operations,  such  as 
electrical-discharge  and  electron-beam  machin¬ 
ing,  a  layer  of  molten  metal  may  be  formed  on 
the  surface. 


Some  metals,  such  as  hardened  steels  or 
tungsten,  when  abusively  ground,  may  actually 
form  visible  cracks  at  the  surface. 

8.  Tears,  Voids  and  Inclusions 

In  some  cases,  the  inherent  defects  within  the 
metal,  such  as  inclusions  and  voids,  are  un¬ 
covered  by  the  machining  process  and  are  then 
located  at  or  near  the  surface.  Many  of  these 
defects  can  be  detected  by  visual  examination 
or  by  surface  penetrant  inspection. 

9.  Surface  Finish  or  Surface  Texture 

The  actual  surface  finish  or  surface  texture 
has,  in  most  cases,  a  pronounced  effect  upon 
fatigue.  The  sharp  notches  associated  with  a 
rough  finish  tend  to  act  as  stress  risers  and 
promote  the  nucleation  of  fatigue  cracks. 

All  of  the  above  surface  characteristics  have 
an  influence  to  varying  degrees  on  physical  prop¬ 
erties.  Since  fatigue  failures  tend  to  originate  at 
or  near  the  surface,  it  is  evident  that  any  discon¬ 
tinuity  or  unusual  surface  condition  will  have  the 
greatest  influence  on  the  fatigue  strength  of  the 
material.  This  tendency  is  furthermore  aggre- 
vated  by  the  fact  that  in  general  the  maximum 
applied  strength  in  a  component  tends  to  be  con¬ 
centrated  at  the  surface. 

There  is  a  growing  amount  of  evidence  that 
residual  surface  stresses  play  an  important  role 
on  fatigue  strength  and  on  stress  corrosion  of 
steels.  Residual  stress  induced  in  the  surface  of 
a  component  also  has  a  very  marked  effect  on  the 
distortion  of  a  component,  especially  in  the  very 
thin  section  components  that  are  commonly  used 
in  today's  caref.  Ily  designed  aerospace  systems. 

SURFACE  EFFECTS  IN 
MACHINING  AND  GRINDING 
HIGH-STRENGTH  STEELS 

Rehardened  Surface  Layer 

In  machining  and  grinding  of  4340  and  D6AC 
steels,  in  both  the  annealed  or  quenched  and  tem¬ 
pered  states.  It  has  been  found  that  there  is  a 
tendency  for  untempered  martensite  to  be  produced 
on  the  surface.  The  untempered  martensite  is 
present  in  small  quantities  in  almost  all  of  the  op¬ 
erations,  and  the  amount  and  depth  of  the  hard  un¬ 
tempered  martensitic  layer  is  greatest  where  ab¬ 
usive  machining  or  grinding  conditions  are  used. 
Figures  >  a.nd  2  show  the  typical  white  layer 
formation  on  the  bottom  of  a  blind  hole  produced 
by  a  dull  drill  on  4  340  and  DbAC  steels.  The 
hardness  of  this  Layer  was  65-67  R^,  even  though 
the  base  hardness  of  the  steels  was  37-44  R  . 


•  References  are  given  on  pages  76  and  77. 


FIGURE  1.  WHITE  UNTEMPERED  MARTENS¬ 
ITIC  LAYER  ON  SURFACE  OF 
DRILLED  HO1.S:  4340  STEEL,  Q«tT 
TO  44  Rc 

Drilled  v/ith  dull  high-speed  steel 
drill;  white  layer  is  .  001"  thick  and 
65-67  R(.;  Nital  etch;  500X  (reduced 
approximately  20  percent 
printing). 


FIGURE  2.  WHITE  UNTEMPERED  MARTENS¬ 
ITIC  LAYER  ON  SURFACE  OF 
DRILLED  HOLE;  D6AC  STEEL. 
ANNEALED  TO  37 

Drilled  wi'h  dull  high-speed  steel 
drill:  whue  layer  is  .  0004"  thick 
and  65-66  R^;  Nital  etch;  500  X 
(reduced  approximately  20  percent 
in  printing). 

A  cross  section  through  the  hole  shows  that 
the  "white"  untempered  marten'iitn:  layer  was  not 
continuous  throughout  the  entire  drilled  hole. 
Figures  3  and  4,  The  depth  of  the  white  layer  is 


White  layer  .001"  thick,  White  layer 


FIGURE  3.  WHITE  UNTEMPERED  MARTENS¬ 
ITIC  LAYER  ON  SURFACE  OF 
DRILLED  HOLE;  4340  STEEL,  Q«cT 
TO  44  Rc 

Drilled  with  dull  high-speed  steel 
drill;  white  layer  occurs  in  scattered 
areas  over  surface  of  hole. 


White  layer  .  0009"  thick, 
65-66  R 

c 


FIGURE  4.  WHITE  UNTEMPERED  MARTENS¬ 
ITIC  LAYER  ON  SJRFACE  OF 
DRILLED  HOLE;  D6AC  STEEL, 
ANNEALED  TO  37  R^ 

Drilled  with  dull  high-speed  !»teei 
drill;  white  layer  occurs  only  en 
bottom  of  hole  where  drill  lip  failed. 

seen  to  be  as  great  as  .  001",  but  in  some  cases 
the  depth  was  only  .  0002".  These  holes  were 
drilled  with  a  high-speed  steel  drill  that  dulled 
during  the  drilling  operation.  The  drilling  was 
stopped  m  the  blind  hole  when  the  wear  on  the  drill 
margin  became  excessive,  and  at  this  point  the 
drill  dwelled  at  the  bottom  of  the  hole  momentarily. 
As  might  ba  expected,  the  greatest  concentration 
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jf  the  hard  white  layer  is  found  at  the  bottom  of 
the  hole  where  the  drill  margin  meets  the  drill 
point,  Figure  4.  It  should  be  noted  that  this 
"white”  layer  is  different  from  the  white  layer 
sometimes  produced  in  the  nitridine  process  in 
which  the  chemistry  of  the  surface  is  changed 
significantly. 

Holes  drilled  in  4340  and  D6AC  over  a  hard¬ 
ness  range  of  37-55  produced  varying  amounts 
of  the  white  layer  when  drilled  with  dull  high-speed 
steel  drUls.  The  more  abusive  the  drilling,  the 
larger  the  quantity  and  greater  the  depth  of  the 
white  layer.  However,  holes  drilled  in  the  same 
steels  under  proper  drilling  conditions  with  sharp 
drills  show  an  absence,  or  occasionally  just  a 
trace,  of  the  untempered  martensitic  layer.  Good 
conditions  include  the  use  of  the  correct  speeds, 
feeds,  drill  material,  drill  geometry,  drilling 
machine  and  cutting  fluids.  Recommendations  for 
proper  drilling  conditions,  as  well  as  for  other 
proper  machining  and  grinding  conditions,  for 
high-strength  steels  are  given  in  References  3 
and  4. 

Strict  observance  must  be  made  to  insure  that 
all  of  the  important  facets  of  the  drill  condition 
are  met  to  avoid  the  white  layer.  For  example, 
in  carbide  drilling  of  4340  steel,  52  R^-,  an  un¬ 
tempered  martensitic  layer  .  001”  thick  was  ob¬ 
tained  using  a  hand  feed.  Figure  5a,  whereas  in 
using  a  power  feed  .  002  in.  /rev.  this  white  layer 
was  avoided.  Figure  5b.  The  hand  feed  permitted 
unconti ollable  feed  lates  and  at  times  the 
434C  steel  workpiece  was  overheated  producing 
scatt  .red  areas  containing  a  white  layer. 

An  untemperod  martensitic  layer  can  also  be 
obtained  in  carbide  milling  if  conditions  are 
abusive.  Figures  6a  and  6b  illustrai.-  the 


presence  and  nonpresence  of  a  white  layer  in  car¬ 
bide  milling  of  4340  steel  at  50  Rc.  The  wl  ite 
layer  was  produced  when  the  wearland  on  the  cut¬ 
ting  edge  A  the  carbide  mill  became  excesi-ive. 
Figure  6a.  In  milling  under  the  same  cond  tions, 
however,  with  a  sharp  carbide  mill,  the  white 
layer  was  practically  nonexistent.  Figure  6b.  A 
similar  situation  is  observed  in  surface  grinding 
of  high-strength  steels.  While  grinding  under 
abusive  conditions  tends  to  produce  this  white 
layer.  Figure  7a,  grinding  under  gentle  conditions 
leaves  the  surface  practically  free  of  the  un tem¬ 
pered  martensitic  layer.  Figure  7b. 

An  extremely  deep  untempered  marteneitic 
layer  can  be  obtained  by  abrasive  cutoff  of  the  high 
strength  steels.  Figure  8  shows  the  surface  hard¬ 
ness  distribution  after  an  abrasive  cutoff  op'iration 
using  a  proper  cutoff  wheel  ai  d  water-soluble  fluid 
in  cutting  through  a  1/2  x  3"  section  of  4340  steel 
at  53  Rc  and  D6AC  steel  at  55  Rc.  The  4340  steel 
had  a  surface  hardness  of  57  Rc.  The  hardness 
decreased  to  a  low  of  46  Rc  at  a  depth  of  .  005"  be¬ 
low  the  surface.  The  hardness  then  increased 
gradually  and  returned  to  a  value  of  53  Rc  at  about 
.  020"  below  the  surface.  The  D6AC  steel  had  a 
surface  hardness  of  65  R^,.  The  hardness  de¬ 
creased  rapidly  to  a  low  value  of  46  Pc  .  007"  be¬ 
low  the  surface.  The  hardness  then  increased  to 
the  matrix  hardness  of  55  at  about  ,  040"  below 
the  surface.  In  both  cases,  the  high  nardness  in 
the  surface  is  that  of  an  untempered  martensitic 
layer.  An  actual  marked  softening  in  each  case 
was  noted  at  an  intermediate  zone  .  005  to  ,  010" 
below  the  surface  which  existed  in  a  zone  oi  over- 
tempered  martensite.  These  zones  of  untem¬ 
pered  martensite  at  the  surface  and  overtempered 
martensite  at  the  intermediate  position  below  the 
surface  have  been  observed  in  hardened  tool  and 


FIGURE  5.  SURFACE  OF  HOLE  CARBIDE  DRILLEP  IN  4140  STEEL.  52 


(5a)  w  ).*e  layer  on  hole  drilled  with  hand  feed:  (5b)  no  white  l.iver 
on  hole  drilled  with  power  feed;  Nital  etch;  250X  (reduced  .'.pproxi- 
mately  20  percent  in  printing). 
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FIGURE  6.  CARBIDE  MILLED  SURFACE  ON  4340  STEEL,  50  R^ 

(6a)  milled  with  dull  tool,  .  0001”  v>hite  layer  on  surface; 
(6b)  milled  with  sharp  tool,  no  white  layer  or  surface; 
Nital  etch;  500X  (reduced  approximately  20  percent  in 
printing). 


FIGURE  7.  GROUND  SURFACE  ON  4  340  STEEL.  53  R^. 

(7a)  abus'vely  ground.  .  0002”  white  layer  on 
surface;  (7b)  gently  grour.d,  no  white  layer  on 
fUrface;  .Nital  etch.  2S0X  (reduced  approxi¬ 
mately  20  percent  in  printing). 


FIGURE  8.  MICROHARDNESS  OF  SURFACE  LAYER  AFTER  ABRASIVE  CUTOF 
OF  D6AC  STEEL,  55  AND  4340  STEEL,  53  R^ 


bearing  steels  and  reported  pre  ,  lously  by 
Tarasov^^)  and  others. 

The  same  unter  pered  martensitic  layer  is 
obtained  in  elec  tru  al-uischarge  machining  (EDM) 
ol  high-strength  steels.  Figures  1,  10  and  11. 

EDM  drilling  of  holes  under  rough  conditions, 
that  is.  at  high  feed  rates  with  low  frequency  and 
high  amperage,  tends  to  produce  a  surface 
covered  with  spattered  molten  metal  below  which 
IS  a  zone  of  untempered  martensite.  Figure  10. 
The  spattered  remelted  metal  layer  is  seen  to  be 
about  .  0016"  thick  and  las  a  hardness  of  4<^  R^, 
Figures  10  and  II.  Below  the  spattered  metal  is 
an  jntempered  martensitic  white  layer  about 
.  0012"  thick  having  a  hardness  of  58  R^.  The 
bare  metal  of  the  4  340  steel  was  54  R^..  EDM 
niachining  of  the  same  material  under  finish  con¬ 
ditions,  namely,  light  feed,  high  frequency  and 
low  amperage,  will  produce  a  hole  with  very  little 
spattered  molten  metal  and  only  a  very  thin  un- 
tempered  martensitic  layer,  Figure  12. 

It  IS  extremely  important  to  use  machining 
and  grinding  condit.  ns  whicn  do  not  develop  un¬ 
tempered  martensitic  areas  on  the  surface. 


These  layers  are  inherently  brittle  and  often  crack 
almost  immediately.  Changes  in  these  structures, 
such  as  further  decomposition  of  some  retained 
austenite  present  along  with  the  martensite,  often 
lead  to  delayed  cracking  when  parts  are  in  service. 
A  number  of  components,  such  as  landing  gears, 
longerons,  etc.  ,  have  reportedly  failed  as  a  re¬ 
sult  of  the  white  laver  developed  in  drilling. 
Grinding  cracks  or  checlus  arc  well  reengnized 
as  the  cause  of  failure  o'  many  parts.  Some  of 
these  were  either  nonexistent  at  the  time  of  in- 
epection  or  too  small  for  detection  by  average 
quality-control  proceduniis.  Therefore,  it  appears 
imperative  to  set  up  prticesaing  procedures  which 
will  virtually  eliminate  <:hc  posaibility  of  parts 
going  into  the  type  of  service  where  design  aafety 
factors  are  very  low. 

Residual  Stre  » lies  in  Machined 
and  Ground  fiur^aces  ~~ 

Res  lual  streases  Hire  produced  in  the  surface 
of  a  part  after  any  anti  lull  machining  and  grinding 
operations.  The  residual  streaa  layer  is  gen¬ 
erally  confined  to  a  n.^Ldively  ahatlow  depth  within 
a  .  005  to  .  010"  layer  .  Recently  considerable  wrork 


FIGURE  9.  VIEW  OF  BOTTOM  OF  HOLES 
EDM  DRILLED  IN  4340  STEEL, 

54  Rc,  UNDER  ROUGHING  AND 
FINISHING  CONDITIONS 

Rough  drilled  hole  (on  right)  drilled 
at  5  kc  with  20  amps.  ;  finish 
drilled  hole  (on  left)  drilled  at 
200  kc  with  1  amp.  ;  5X  (reduced 
approximately  44  percent  in 
printing). 


FIGURE  10.  SURFACE  OF  HOLE  ROUGH 
DRILLED  BY  EDM,  SHOWING 
SPATTERED  MOLTEN  METAL 
AND  UNTEMPERED  MAR¬ 
TENSITIC  LAYERS, 

4340  STEEL,  54  R,. 

See  ’’ifcur''  11  for  further  de¬ 
scription;  Nital  etch;  500X  (re¬ 
duced  approximately  44  percent 
in  printing). 

has  been  done  in  measurement  of  these  stresses 
using  surfai  e  dissection  methods  and  X-ray 
tec  hniques.  A  typical  residual  stress  pat¬ 

tern  IS  shown  in  Figure  19.  It  should  be  noted 
that  th-  stress  at  the  actual  surface  is  not  in¬ 
dicative  of  the  ove.all  stress  distribution  in  the 
surface  layer.  What  is  most  important  is  the 
actual  stress  pattern  within  the  surface  layer. 


SURFACE  or  HOLE  ROUGH  DRILLED  BY  EDM 
4340  STEEL..  54  Rc 

COPPER  ELECTRODE 
LOW  VOLTAGE 

SKC 

20  AMPS 

FIGURE  11.  SKETCH  OF  SURFACE  LAYERS  OF 
PHOTOMICROGRAPH  OF  FIGURE  10 


FIGURE  12.  SURFACE  OF  HOLE  FINISH 

DRILLED  BY  EDM,  4340  STEEL, 
54  Rc 


High  voltage,  200  kc,  1  amp.  ; 
only  a  thin  white  layer  (approx. 

.  0001"  thick)  was  present;  Nital 
etch.  500X  (reduced  approximately 
41  percent  in  printing). 

such  as  that  shown  by  a  single  curve  in  Figure  19. 
The  two  most  sign.ficant  factors  in  the  stress 
pattern  or  stress  distribution  curve  are;  first, 
the  integrated  area  under  the  curve;  and  second, 

'he  maximum  stress,  be  it  tensile  or  compressive. 
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The  integrated  area  under  the  curve  in  the  sur¬ 
face  layer  is  extremely  important  in  that  it  gives 
an  indication  of  the  total  stress  in  the  surface 
layer  that  tends  to  produce  distortion  in  the 
workpiece.  Thus,  a  large  tensile  stress  on  a 
workpiece  wiU  tend  to  produce  a  concave  curva¬ 
ture  of  the  workpiece,  whereas  a  large  com¬ 
pressive  stress  will  tend  to  produce  a  convex 
curvature  of  the  workpiece  when  viewed  from  the 
machined-or-ground  surface.  The  maximum 
value  of  the  stress,  be  it  tensile  or  compressive, 
appears  to  have  some  influence  on  the  fatigue 
strength  of  the  component. 

The  depth  of  the  stress  layer  is  also  of  im¬ 
portance  tiince  it  determines  the  degree  of  pene¬ 
tration  of  the  surface  disturbance  and  also  gives 
an  indication  of  how  much  material  would  have  to 
be  removed  from  the  surface  by  some  secondary 
means  to  remove  the  surface  effect. 

The  origins  of  residual  stresses  may  be 
thermal,  chemical  or  mechanical,  but  are  often 
combined  as  follows:^^®) 

a.  Plastic  deformation  from  nonuniform 
thermal  expansion  or  contraction 
produces  residual  stresses  in  the  ab¬ 
sence  of  phase  deformation. 

b.  Volume  changes  from  chemical  re¬ 
actions,  precipitations,  or  phase 
transformations  produce  residual 
stresses. 

c.  Mechanical  working  which  produces 
nonuniform  plastic  deformation  may  re¬ 
sult  in  undesirable  or  favorable  residual 
stress  patterns. 

Matson^^^^  states  that  "residual  stresses 
are  introduced  or  altered  when  a  localised  phase 
transformation  occurs  as  it  entails  a  specific 
volume  change  or  when  a  localised  plastic  flow 
occurs.  Localised  plastic  flow  occurs  when  tem¬ 
perature  differences  exist  producing  a  three- 
dimensional  internal  force  system  (because  of 
thermal  expansion  and/or  contraction)  m  such  a 
manner  that  locally  some  forces  exceed  the  limit 
of  elastic  deformation.  Localised  plastic  flow 
can  also  occur  if  a  system  of  externally  applied 
forces  IS  such  that  loctlised  force  exceeds  the 
limit  of  elastic  deformation. 

"Phase  transformations  occur  locally  when 
temperature,  stress  c  .Jitions,  and  time  con¬ 
ditions  are  satisfied.  The  transformation  from 
austenite  to  martensite  is  of  particular  interest 
in  steel  because  of  the  specific  volume  increase 
^ssc(  lated  with  thi«  transformation. 

"Machining  and  grinding  operations  are  impor¬ 
tant  stress  introducers.  It  is  conceivable  that  tem¬ 
perature  diiferencrs  are  high  enou  Rh  to  cause 


plastic  flow,  that  phase  transformation  might 
occur,  and  that  mechanical  forces  occur,  all 
simultaneously  producing  a  triaxial  residual 
stress  state.  Processes  involving  superficial 
cold  work  at  a  surface,  such  as  shot  peening, 
tumbling,  etc. ,  are  generally  not  regarded  as 
having  high  temperatures  existing  or  phase  trans¬ 
formation  occurring,  although  these  cannot  be 
ruled  out  entirely.  In  this  instar»ce,  the  domin¬ 
ating  factor  is  the  localized  high  stress  system 
applied  by  external  means.  " 

It  is  of  interest  to  note  that  the  surface  cold¬ 
working  processes  ri  presented  by  shot  peening 
and  su'face  rolling  are  processes  for  which  fairly 
accurate  predictions  can  be  made  of  residual 
stresses.  Heat  treating,  machining  and  grinding 
stresses  are  not  too  predictable.  For  example,  in 
shot  peening,  the  residual  stress  is  compressive 
with  the  maximum  residual  compressive  stress 
occurring  at  some  depth  below  the  surface  and  at 
a  lower  value  at  or  near  the  surface.  Figure  13. 


DCTTH  '  rWCMCa 


FIGURE  13.  RESIDUAL  STRESS  INTRODUCED 
BY  SHOT  PEENING  5147  STEEL, 
48  Rc,  BY  VARIOUS  SHOT- 
PEENING  TREATMENTS(*1) 


The  maximum  residual  compressive  stress  is 
reasonably  <.onstart  and  independent  of  shot  peen¬ 
ing  treatment  apart  from  coverage.  As  the  hard¬ 
ness  of  material  increases,  the  peak  residual 


compressive  stress  introduced  by  shot  peening 
also  increases,  Figure  14. 
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Residual  Stresses  and  Distortion 
Resulting  From  Machining  and  Grinding 
High-Strer.gth  Steels 

The  residual  stress* i  induced  in  grinding 
and  milling  of  high<«trength  steels  have  been  in¬ 
vestigated  recently,  ( In  these  studies,  a 
specimen  was  originally  prepared  3/4"  wide  by 
4-1/4"  long.  The  thickness  was  such  that  all 
specimens  were  .  060"  thick  after  testing, 

Figure  IS.  A  special  teet  fixture  was  used  to 
hold  the  specimen  for  the  grinding  and  milling 
test,  Figure  16.  The  10*  taper  ground  on  the 
sides  of  each  specimen  was  used  to  clamp  the 
specimen  in  the  fixture.  The  grinding  and  mill¬ 
ing  tests  were  performed  on  one  side  of  the 
specimen  only,  leaving  the  bottom  or  wider  sur¬ 
face  for  the  gaging  surface.  The  flatness  or  de¬ 
flection  of  the  test  specimen  was  measured  using 
the  fixture  shown  in  Figure  '.T.  The  deflection 
was  read  on  the  .  0001"  dial  indicator. 
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FIGURE  15.  TEST  SPECIMEN  USED  FOR  DIS¬ 
TORTION  AND  RESIDUAL  STRESS 
STUDIES 


FIGURE  16.  FIXTURE  USED  FOR  HOLDING 
SPECIMEN  IN  MILLING  AND 
GRINDING 

Th?  procedure  used  to  determine  the  residual 
stresses  was  ono  of  progressively  etching  the 
ground  or  machined  surface  and  noticing  the 
change  m  deflection  of  the  test  strip.  The  change 
in  deflection  versus  depth  of  stock  remoied  data 
was  then  used  to  calculate  the  residual  stress  at 
any  depth  below  the  test  surtace  using  the  proce- 
duTcs  and  equation  developed  by  Frisch  and 
Thomsen^  .ind  Stablein.  (>1)  Th  IK  method  de¬ 
termines  the  uii. axial  stress  in  the  longitudinal 
direction  of  the  te.t  specimen.  The  biaxial  sur¬ 
face  stress  distribution  in  both  the  longitudinal 
and  transverse  directions  can  also  be  measured  by 
curvature  measurement  methods. 

The  residual  stress  patterns  produced  .'n  sur¬ 
face  grinding  of  4340  steel,  quenched  and  tem¬ 
pered  to  52  R(;,  are  shown  in  Figures  18,  19  and 
20.  Figure  18  shows  the  effect  of  grinding  wheel 
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rhr  ab'ivt'  tixt'iri'  is  urx-'ci  t'>  measurj  dotleotion  of  tho  tost  spcoirtien 
iti  both  tlio  distort. oil  and  tt-.o  r-jsidual  stress  analyses 

FIGURE  17.  FIXTURE  FOR  DEFLECTION  MEASUREMENT 


speed  on  residual  stress.  It  is  observed  that  the 
conventional  wheel  speed  of  6000  feet/minute 
tends  to  produce  very  high  tensile  stresses,  com¬ 
pared  to  the  low  speeds  of  4000  or  2000  feet/ 
minute.  Likewise,  the  6000  feet/minute  tends  to 
produce  a  stress  layer  about  .  004"  deep,  whereas 
the  stress  layer  with  the  low  speeds  tends  to  be 
much  shallower,  .001  to  .  002"  deep.  Figure  19 
indicates  the  effect  of  down  feed  per  pass,  which 
is  equivalent  to  depth  of  cut  in  grinding.  The 
heavy  depth  per  pass,  .  002"  down  feed,  tends  to 
produce  a  high  tensile  stress  and  a  greater  depth 
of  stress  layer,  whereas  a  very  gentle  "low 
str  is"  down  feed  tends  to  confine  the  stress 
Uyer  to  a  shallow  ueplh  approximately  .  001".  In 
the  "low  stress"  down  feed  the  last  .  010"  of  metal 
is  removed  as  follows:  .  OOB"  is  removed  at 
,  0C05  inch /pass,  and  the  last  .  002"  is  removed 
at  .  0002  inch /pass.  By  selection  of  "low  stress 
grinding  techniques,  "  it  is  possible  to  produce 
shallow  compressive  stresses  m  the  ground  sur¬ 
face,  Figure  20.  Here  a  wheel  speed  of  2000  feet/ 
minute,  a  soft  grinding  wheel  such  as  "H"  hard¬ 
ness,  and  the  gentle  "low  stress"  dowr.  feed 
produced  a  comprt  ssive  stress  confined  to  a  .  001 " 
surface  layer. 

In  general,  it  has  been  found  that  the  follow¬ 
ing  factors  are  the  major  ones  determining  the 
nature  and  magnitude  of  the  residual  stress  pro¬ 
duced  in  grinding  high-strength  steels: 


a.  Wheel  speed  —  low  wheel  speeds  tend 
to  produce  low  residual  stresses. 

b.  Grinding  wheel  -  sharp,  soft,  friable 
wheels  tend  to  produce  low  residual 
stresses. 

c.  Depth  per  pass  —  shallow  depths  per 
pass  tend  to  produce  low  stresses. 

d.  Grinding  fluid  -•  high  chemical  reactive 
grinding  fluids,  such  as  sulphurised  oil, 
tend  to  reduce  surface  stresses. 

Although  the  exact  residual  stress  distribu¬ 
tion  cannot  be  entirely  predicted  in  grinding,  it  is 
possible  to  select  conditions  which  will  tend  to 
produce  either  high  tensile  stresses  with  a  deep 
penetration  or  compressive  stresses  with  a  shallow 
penetration.  Figure  29. 

The  grindi.ig  studies  on  SAE  4340  steel, 
quenched  and  tempered  to  S2  R^,  indicate  that  dis¬ 
tortion  IS  very  closely  related  to  the  residual 
stress  imposed  on  a  specimen.  The  relative  dis¬ 
tortion  under  various  grinding  conditions  could  be 
measuted  on  the  test  specimen  previously  de¬ 
scribed  in  Figure  IS.  The  distortion  was  mea¬ 
sured  by  noting  the  change  in  deflection  within  the 
3.  S"  gage  length  as  measured  in  the  distortion 
measuring  fixture.  Figure  17.  Typical  relation¬ 
ships  of  distortion  to  grinding  variables  are  shown 
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FIGURE  18.  EFFECT  OF  WHEEL  SPEED  ON 
RESIDUAL  STRESS  IN  SURFACE 
GRINDING  '  '40  STEEL,  52  R^ 


in  Figures  21,  22,  and  23.  In  Figure  21,  it  is 
observed  that  distortion  increases  as  the  wheel 
speed  increased  and  as  the  wheel  hardness  in¬ 
creases.  (Note  the  "H"  hardness  wheel  is  the 
softest  and  the  "N"  wheel  is  the  hardest 
abrasive.  )  The  distortion  is  also  greater  for 
the  heavier  down  feeds,  Figure  22,  with  the 
"low  stress"  down  feed  producing  the  minimum 
distortion.  Also  it  should  be  noted  that  the  dis¬ 
tortion  IS  minimized  by  using  very  low  speeds 
combined  with  low  down  feeds.  The  effect  of 
grinding  fluid  on  distortion  is  illustrated  in 
Figure  23.  Here  it  can  be  seen  that  the  chemi¬ 
cally  active  highly  sulphurised  oil  reduces  dis¬ 
tortion  significantly. 

Comparison  of  the  residual  stress  patterns. 
Figures  18,  19,  and  20,  with  the  distortion  pat¬ 
terns,  Figures  21,  22,  and  23,  verify  that  the 
low  distortion  is  associated  with  the  low  rcridual 
stress.  Furthermore,  it  has  been  found  that  the 
direction  of  curvature  of  the  specimen  is  de¬ 
termined  by  the  integrated  area  under  the  resid¬ 
ual  stress  curve,  be  it  tensile  or  compressive. 

The  residual  stress  patterns  in  carbide  mill¬ 
ing  of  4340  steel,  52  R^-,  arc  shown  in  Figure  24. 
lo  carbide  face  milling,  the  most  significant  fac¬ 
tor  that  induced  residual  stress  is  the  sharpness 


FIGURE  19.  EFFECT  OF  DOWN  FEED  ON  RE¬ 
SIDUAL  STRESS  IN  SURFACE 
GRINDING  4340  STEEL,  52  Rc 


of  the  tool.  Thus,  it  c?.n  be  seen  that  the  ultra¬ 
sharp  tool  >,fith  zero  wearland  produced  the  min¬ 
imum  stress,  whereas  the  dullest  tool  with  .  016" 
wearland  produced  the  maximum  residual  stress. 
The  residual  stress  in  the  surface  layer  is  pre¬ 
dominantly  compressive,  although  the  stress  at 
the  surface  seems  to  be  practically  oero  with  a 
sharp  tool  and  50,  000  to  100,  000  psi  tensile  for 
the  dull  tools. 

The  distortion  in  milling  is  governed  by  the 
induced  residual  stress.  The  distortion  is  seen 
to  be  practically  independent  of  the  cutter  speed. 
Figure  25,  but  is  primarily  dependent  on  the  tool 
wearland  or  tool  sharpness.  The  distortion  is  in¬ 
fluenced  somewhat  by  the  depth  of  cut.  Figure  26. 
Thus,  a  light  finishing  cut  .  010"  deep  is  seen  to 
produce  less  distortion  th  .  >  the  h'  avy  cuts. 

The  residual  stress  produced  in  surface 
grindinf  of  D6AC  steel,  quenched  and  tempered 
to  56  R^,  shows  the  same  general  patterns  as  with 
the  4340  steel.  The  effect  of  wheel  hardness  on 
the  residual  stress  in  surface  grinding  D6AC 
steel,  56  R,^,  is  shown  in  Figure  27.  Here  at  a 
wheel  speed  of  6000  feet/minute  and  with  a 
.  002  inch/pa»*  down  feed,  the  residual  stresses 
are  seen  to  be  predominantly  tensile  with  the 
softest  wheel  ("H"  hardness)  producing  the 
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RC8IDUAL  STRESS  IN  GROUND  SURFACE 
STEEL,  ^f  Rc 


WHEEL  GRADE:  SEE  BELOW 
WHEEL  SPEED:  2000  PCCT/MINUTf 
DOWN  FEED:  LOW  STRESS 
TABLE  SPEED:  60  FCET/MINUTE 
CROSS  FEED  .  040  INCHES/ PASS 
DEPTH  OF  GRIND:  .010*' 

■  CRINDfNC  FLU’D;  SULPHURIZED  OIL 
SPECIMEN  SIZE:  .060  X  3/4  X  4.1/4'* 
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FIGURE  20.  CONDITIONS  WHICH  PRODUCE  A  LOW 
COMPRESSIVE  RESIDUAL  STRESS  IN  SURFACE 
GRINDING  4340  STEEL,  52  R^ 


FIGURE  21.  EFFECT  OF  WHEEL  GRADE  AND 
WHEEL  SPEED  ON  DISTORTION  IN  SURFACE 


TORTION  IN  SURFACE  GRINDING  4340  STEEL, 
52  Rc 


DISTORTION  IN  SURFACE  GRINDING  4340  STEEL, 
52  R<. 
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FIGURE  24.  RESIDUAL  STRESS  IN  CARBIDE  FACE  MILLING  4340  STEEL,  52 
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FIGURE  25.  EFFECT  OF  TOOL  SHARPNESS  ON 
DISTORTION  IN  CARBIDE  FACE  MILLING  4340 
STEEL,  52  Re 


HGURE  26.  EFFECT  OF  TOOL  SHARPNESS  AND 
DEPTH  OF  CUT  ON  DISTORTION  IN  CARBIDE 
FACE  MILLING  4  340  STEEL.  52  R^ 


FIGURE  27.  EFFECT  OF  WHEEL  GRADE  ON 
RESIDUAL  STRESS  IN  SURFACE  GRINDING 
D6AC  steel,  56  R^. 

minimum  streat  and  the  hardeat  wheel  ("N" 
hardneaa)  producing  the  maximum  atreaa. 

Notice  that  with  the  "N"  hardness  wheel  a  peak 
tenaile  atreaa  of  200,  000  pui  waa  produced  ap¬ 
proximately  .  0005”  below  the  surface.  It  is 
also  interesting  to  note  that  the  residual  atreaa 
at  the  surface  with  the  "K"  and  ''N'  wheels  was 
practically  aero,  while  that  of  the  "H”  wheel 
was  40,000  psi  in  compression.  The  effect  of 
grinding  wheel  speed  on  the  residual  stress  pat¬ 
tern  for  the  soft  ("H”)  wheel,  .  002  inchea/pass 
down  feed,  is  shown  in  Figure  28.  The  high 
wheel  speed  of  6000  fect/minute  produced  a  pre¬ 
dominant  tensile  stress  to  a  depth  of  .  004",  while 
the  low  speed  of  2000  feet/minute  produced  com¬ 
pressive  stress  to  a  depth  of  about  .001".  The 
down  feed  in  grinding  is  again  seen  to  have  a 
tremendcjs  effect  on  the  residual  stress  pattern. 
Figure  20.  The  gentle  "low  stress  '  down  feed 
technique  produced  a  negligible  amount  of  residual 
stress  compared  to  the  .  001  or  .  002  inches/pasa 
down  feed. 

The  distortion  produced  in  surface  grinding 
D6AC  steel,  quenched  and  tempered  to  56  R^,  is 
governed  by  the  residual  stress  in  like  manner  to 
that  of  the  4340  steel.  A  soft  wheel,  grade  "H", 
produced  far  leas  distortion  than  the  harder 
wheels,  Figure  30.  The  combination  of  low  stress 
down  feed  with  low  wheel  speed  is  seen  to  produce 
the  minimum  distortion,  Figure  31.  The  signifi¬ 
cant  effect  of  highly  sulphurised  oil  over  soluble 


FIGURE  28.  EFFECT  OF  WHEEL  SPEED  ON  RESID¬ 
UAL  STRESS  IN  SURFACE  GRINDING  D6AC  STEEL, 
56  R^ 


FIGURE  29.  EFFECT  OF  DOWN  FEED  ON  RESIDUAL 
STRESS  IN  SURFACE  GRINDING  D6AC  STEEL,  56  R^ 
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FIGURE  30.  EFFECT  OF  WHEEL  GRADE  ON  DIS¬ 
TORTION  IN  SURFACE  GRINDING  D6AC  STEEL, 
56  Rc 

oil  on  diKtortion  !■  illustrated  in  Figure  32.  Here 
It  can  be  seen  that  at  the  conventional  high  wheel 
speed  of  6000  feet/minute  there  was  no  difference 
in  distortion  in  using  the  two  fluids.  However,  at 
2000  and  4000  feet/minute,  there  was  a  drastic 
reduction  in  distortion  by  the  use  of  highW  sul¬ 
phurized  oil  over  soluble  oil. 

The  residual  stress  and  distortion  produced 
by  carbide  milling  of  D6AC  steel,  56  K,;,  is 
shown  in  Figures  33  and  34,  The  sharpness  of  the 
milling  cutter  is  again  seen  to  be  the  predominant 
factor  in  controlling  the  residual  stress  and 
distortion. 

EFFECT  OF  MACHINING  AND 
GRINDING  ON  THE  MECHANICAL 
PROPERTIES  OF  HIGH-STRENGTH  STEELS 

It  has  been  seen  that  residual  stresses  pro¬ 
duced  in  milling  and  grinding  of  high  strength 
steels  can  reach  extremely  high  values.  Foi 
example,  stresses  of  100,000  psi  are  frequently 
observed  in  both  grinding  and  milling,  and  a 
residual  tensile  stress  of  200,  000  psi  was  ob- 
ser  'ed  in  abusively  ground  D6AC  steel,  56  R^, 
Fig'Te  27.  It  should  also  be  noted  that  the  re¬ 
sidual  stress  layer  tends  to  be  quite  shallow  on 
the  order  of  the  magnitude  of  .  002  to  .  010”.  It 
would  seem  logical  to  assume  that  sue  h  high  re¬ 
sidual  stresses  should  affect  certain  properties 
of  steels,  such  as  fatigue  strength  or  stress  cor¬ 
rosion  strength. 


FIGURE  31.  EFFECT  OF  DOWN  FEED  AND  WHEEL 
SPEED  ON  DISTORTION  IN  SURFACE  GRINDING 
D6AC  STEEL,  56  R^ 


TORTION  IN  SURFACE  GRINDING  D6AC  STEEL,  56  R^ 
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TCX)L:  4"  DIA,  SINGLE  TOOTH  FACE  MILL 
WITH  C-2  (883)  CARBIDE  ' 
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RADIAL  RAKE:  -IS*  CLEARANCE:  10* 

-  END  CUTTING  EDGE  ANCLE:  5* - 

CUTTING  SPEED  97  FEET/MINUTE 
FEED  .006  INCHES/ TOOTH 
DEPTH  OF  CUT:  .010" 

CUTTING  FLUID  NONE 

SPECIMEN  SIZE:  .060X  3/4  X  4-1/4" - 
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FIGURE  33.  RESIDUAL  STRESS  IN  CARE.IDE  FACE  MILLING  D6AC  STEEL,  56 

.  1  ^  series  of  studies  were  ma<ie  on  the  effect 
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irrccT  or  tool  wtA.LANp^Nt/_DCPjH^ cut  _  quenched  and  tempered  to  59  Tie  by  Tarasov. 

CUTTIH  4'  DU  SIHCLC  TOOTH  rAcc  MILL  Hvier  and  Letner.  (8)  Their  results  are  sum- 

WITH  C  :  CARBIDC  f  \  h,\ 

AxuLiAHC  u'  corNCA  ANCLE  4$*  marizcd  by  Gormly'*^'  as  follows: 


CUTTIH  4'  DU  SINCLC  TOOTH  FACE  MILL 
WITH  C  :  CARBIDE 

AXULRAKC  O'  COPNCa  ANCLE  4)* 

RAOUL  RAKE  IV  CLEARANCE  10* 

END  CUTTING  EDGE  ANCLE  5*  ^ 

CUTTING  SPEED  47  FEET/MINUTc 
FEED  004  INCHES/ TOOTH 
DEPTH  OF  CUT  SEE  8XLOW 
CUTTING  FLUID  HONE 
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FIGURE  54.  EFFECT  OF  TOOL  SHARPNESS  AND 
DEPTH  OF  CUT  ON  DISTORTION  IN  CARBIDE 
FACE  MILLING  D6AC  STEEL,  *^6 


"Specimens  which  had  been  ground  under 
conventional  or  gentle  grinding  practice, 
that  18,  with  H"  or  grade  wheels 
with  down  feed  rates  of  .  001  inch/ 
pass  or  less  using  either  soluble 
straight  grinding  oil  as  the  grinding 
fluid,  exhibited  fatigue  strengths  com¬ 
parable  to  specimens  which  were  atiess 
free  even  though  residual  stresses  range 
from  107,000  psi  in  compression  to 
49,000  psi  in  tension, 

"Those  specimens  which  had  been 
ground  severely,  that  is,  '#-ith  a  "M" 
graae  wheel  at  a  down  feed  rate  cf 
.  002  inch/pass,  using  a  water 
soluble  fluid,  exhibited  fatigue  strengths 
about  13  percent  below  that  of  the  first 
group. 

'Three  svts  of  specimens,  all  of  which 
were  groun  i  with  an  ''I”  grade  wheel, 
at  a  down  feed  rate  o:  .  70  1  .ch.^pass 
using  tulfochlut  ;n'ited  ;  1,  exhibited 
fatigue  strengths  op  'v/  38  percent  higher 
than  the  value  for  stress  free  sp*vimens. 
Since  the  residual  stress  distributions 
were  not  significantly  different  from 
some  of  those  in  the  f'rsf  group  above, 
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it  was  concluded  that  the  increase  in 
fatigue  strength  was  due  to  a  greater 
benefit  from  cold  work.  " 

Vitovec  and  Binder(^^)  indicate  that  a  rough 
turned  surface  resulted  in  a  20  percent  lower 
fatigue  strength  compared  with  mechanically 
polished  specimens  while  ground  specimen  were 
10  percent  lowe. ,  In  all  cases,  electrelytic 
polishing  reduces  the  fatigue  strength  of  mechan¬ 
ically  polished  specimens.  There  are  a  number  of 
effects  caused  by  the  prt  jaration  process  which 
occur  simultaneously,  and  their  effects  are  super¬ 
imposed.  The  relative  magnitude  of  the  various 
effects  may  produce  either  a  gross  increase  or  de¬ 
crease  in  fatigue  strength.  These  effects  are 
plastic  deformation,  strain  hardening,  to  1  marks, 
interna]  stress,  heating  of  llie  material  and  metal¬ 
lurgical  changes  and  reoi lentation  of  the  grains 
at  the  surface.  Mechanical  polishing  in  a  direction 
parallel  to  maximum  principal  stress  results  in  the 
highest  fatigue  strength  apparently  due  to  the  lack 
of  notch  effects  and  strain  hardening. 

Table  i(  ^ '  •  1^)  shows  the  effect  of  material  con¬ 
dition  on  the  fatigue  strength  of  several  high- 
strength  steels. 
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Since  the  surface  efftcis  in  high-strength  steels 
caused  by  metal  removal  proces8«'s  have  n  t  been 
thoroughly  evaluated  with  respect  to  mechanic.il 
propert;“s,  work  by  investigators,  such  as  Forsyth 
and  Carreker;  Fr.inkel,  Dennett  and  Pennington; 
and  Dorik,  Chapman  and  lummy,  are  helpful. 

Their  su.dits  are  impcrtant  because  they  relate 
to  bulk  changeo  which  can  also  ocvur  in  the  surface 
as  a  result  of  marhining  and  grinding. 

Forsyth  and  Carreker^^®^  have  'tudied  'he 
effect  of  i.ucrcstrurture  on  fatigue  fngth  of 
SAE  109*'  steel,  ^1  R^..  They  fou;id  that  th«  re¬ 
sistance  to  fatigue  failure  (rotating  cross  fatigue 
tests  at  room  leinprrature)  depends  markingly 
on  the  heit  treatment  used  lo  obtain  that  hard¬ 
ness.  Conventional  water  quenching  and  lem- 
permg  gave  lowest  t^tigue  limits  of  124,000  psi. 

A  istempered  specimens  produced  a  higher  value 
of  1  30,  000  psi,  and  the  highest  ot  160,  000  psi  was 
nrcduced  with  martempenng.  They  reported  that 
mu  roii'acks  existed  in  these  steels  after  quench¬ 
ing  III  water  or  oil.  These  microcracks  are 
caused  by  very  high  thermal  and  transformation 


stresses  in  that  area  during  queiiching  and  forma¬ 
tion  of  martensite.  Austempering  reduces  both 
thermal  and  transformation  stresses  which  lead 
to  these  microci'acks.  In  martemper ing,  it  is 
possible  to  produce  a  martensitic  structure  with¬ 
out  producing  the  high  stresses  accompanying  the 
transformation.  The  specimen  temperature  is  es¬ 
sential!;  uniform  throughout  so  that  transformation 
can  occur  randomly  throughout  the  nriaterial,  in¬ 
stead  of  preferentially  at  the  periphery.  Thun, 
the  volume  changes  accompanying  transformation 
are  uniformly  distributed. 

Fra  ikel,  Benne't  and  Pennington^^  H  report 
that  the  fatigue  strength  on  R,  R.  Moore  testing  of 
4340,  52100  and  two  tool  steels  at  hardness  range 
of  -*-6  Rc  and  higher  was  lowered  by  increasing 
amounts  of  retained  austenite  up  to  about  10  per¬ 
cent.  This  dele'erious  effect  was  apparently  due 
to  transformation  of  some  of  the  austenite  which 
was  observed  to  take  place  during  fatigue 
stres  sing. 

Borik,  Chapman  and  Jominy^^^)  show  that  a 
small  percentage  of  nonmartensitic  structures  has 
a  deleterious  effect  on  fatigue  strength  of  4340  steel 
and  several  other  medium  carbon  oiCelst. 

In  an  investigatioi.  of  fatig  le  properti.  ^  of  thin- 
gage  PH15-7MO,  ,  163"  thick,  at  217,000  UTS  and 
210,000  yield  pioint,  it  was  found  that  interg.anular 
attack  from  pickling  results  in  a  slight  loss  of 
fatigue  strength.  ( 1 5)  x^e  static  tensile  strength 
of  the  PH15-7MO  sheet  was  noticeably  affected  by 
cherr-milling  striations  and  intergranular  attack. 

In  addition,  ductility  was  reduced  by  chem-milling. 
Apparently  selective  etching  by  t^e  chem-milling 
solution  causing  continuous  transverse  striations 
has  a  more  serious  effect  on  the  static  properties 
of  the  PH15-7MO  .ind  on  ductility  than  does  shallow 
intergranular  attack,  see  Table  2, 
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A  systematic  and  extensive  iavestigalior.  shew¬ 
ing  relation  of  residual  stress  to  fatigue  strength 
has  been  done  using  nhot  peening,  and  the  informa¬ 
tion  collected  is  worthy  of  careful  considera  ^on 
(or  the  relationship  of  reeiduai  etreae  on  fatig  ue. 
Attention  it  given  to  these  matters  in  this  paper 
since  surface  studies  involving  >eeiiing  have  been 
studied  more  extensively  than  jr  machined  ar.d 
ground  surfacen  and  because  peentnn  is  an  impor¬ 
tant  subsequent  method  tor  treatment  of  machined 
and  ground  surfaces  (see  page  62). 
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Evans  and  reported  fatigue  tests 

run  on  notched  86E45  steel  specimens  in  bending 
at  three  hardness  levels,  20,  35,  and  50  Rc,  to 
determine  the  influence  on  fatigue  of  X-ray 
measuring  parameters  of  microstrain  and  particle 
size.  Changes  in  these  quantities  were  produced 
by  shot  peening.  The  attendant  macro  residual 
stresses  were  shown  to  be  equivalent  to 
mechanically  applied  stres‘<''  3  and  vere  com¬ 
pensated  foi  by  appropriate  values  ol  an  me¬ 
chanical  stress.  Peening  of  the  soft  n-.atsrial 
produced  large  changes  in  microstrain  and  particle 
size  and  enhanced  the  fatigue  limit.  Peening  did 
not  alter  the  microstrain  and  particle  size  in  the 
hard  materials.  Variable  microstrair  produces 
rms  strain  deviation  j  from  the  mean  strains 
which  can  be  determined  by  X-ray  line  broadening 
analysis.  Small  particle  or  subgrain  size  can  'Iso 
cause  X>ray  line  broadening  analysis.  Figure  35 
shows  the  separate  effects  of  residual  stress  <>.t. d 
li.ie  broadening  as  a  function  of  the  steel 
hardness. (24)  The  upper  curve  shews  the  percent 
increase  in  fatigue  limit  due  to  macro  residual 
stress  in  peening.  The  lower  curve  shows  the 
percent  ir.c  ease  in  fatigue  limit  due  to  rms  strain 
deviations  and  smaller  particle  size,  both  of  which 
urc  measured  by  X-ray  line  broadening.  Thus,  it 


can  be  concluded  that  at  50  R^,  the  increase  in 
fatigue  limit  is  due  mainly  to  the  high  level  of 
induced  compressive  macro  residual  stresses, 
while  at  low  harclness  levels  the  fatigue  limit  of 
steel  is  enhanced  by  large  changes  in  rms  micro¬ 
strain  and  particle  size. 

Morrow  and  Millan(9)  reported  on  the  influenc  e 
of  residual  stress  on  fatigue  of  steels  with  hard¬ 
ness  greater  than  25  Rc,  Their  investigation 
showed  ,nat: 

1.  ''Residual  stresses  have  a  similar 
effect  on  fatigue  behavior  of  mate¬ 
rials  as  do  mechanically  imposed 
static  stresses  of  the  same  magnitude. 

2.  "Thus,  the  significant  residual  stresses 
are  beneficial  if  compressive  and 
detrimental  if  tensile,  particularly  in 
'hard'  materials. 

3.  "Near  the  fatigue  limit  (i.  e.  ,  long 
fatigue  life)  the  residual  stress  re¬ 
mains  practically  unchanged  by  the 
fatigue  load. 


FIGURE  35.  PERCENT  INCREASE  IN  FATIGUE  LIMIT  DUE  TO  PEENING  AS  A  FUNCTION  OF  HARD¬ 
NESS  FOR  SAE  8feB45  STEEL(^^) 
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4.  "At  stresses  above  the  fatigue  limit, 
residual  stresses  may  relax  as  an  ac¬ 
companiment  of  the  fatigue  processes, 
this  effect  being  <?reater  in  'soft' 
materials  and  at  stresses  well  above 
fatigue  limit. 

5.  "As  a  result  of  Conclusion  4,  the 
fatigue  life  at  high  applied  stresses  de¬ 
pends  very  little  on  the  initial  residual 
stresses. 

6.  "The  significant  residual  stress  m  bend¬ 
ing  is  the  peak  value  near  the  surface 
whether  it  is  tensile  or  compressive.  " 

Examples  of  data  which  support  these  con¬ 
clusions  are  given  in  Figures  36,  37  and  38. 
Fatigue  diagrams  are  shown  in  Figures  36  and  37 
for  strain-peened  specimens  with  the  correspond¬ 
ing  residual  stress  distributions  obtained  by  beam 
dissection  techniques  and  corroborated  by  X-ray 
diffraction  measurements.  Microstrain  effects 
as  indicated  by  line  broadening  were  confirmed  as 
being  similar  because  the  variation  in  residual 
stress  was  achieved  by  various  conditions  of  ap¬ 
plied  elastic  strain  during  similar  shot  peening 
treatments. 

A  mean  stress-alternating  stress  diagram, 
Figure  38,  was  constructed  from  the  data  of 
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vasidual  stress  near  the  surface  is  like  that  of  a 
static  stress  superimposed  on  the  externally  ap¬ 
plied  dynamic  stresses.  Confirmation  is  provided 
for  this  interpretation  by  the  fact  that  the  endur¬ 
ance  limit  for  the  "as  heat  treated"  specimen  fits 
equally  well  with  the  other  points  from  sample 
groups  having  widely  different  levels  of  residual 
stress,  see  Figure  38.  The  broken  line  in 
Figure  38  represents  data  from  another  investiga¬ 
tion  from  .Reference  9  and  was  obtained  by  com¬ 
bination  of  an  external  steady  stress  on  an  alter¬ 
nating  applied  stress  in  order  to  simulate  the  effect 
of  different  levels  of  residual  stress.  The  simi¬ 
lar  resuJ  3  llustrated  in  Figure  38  for  different 
steels  tre  ;d  to  similar  hardness  levels  rein¬ 
forces  the  conclusion  that  residual  stresses  have 
the  same  effect  as  similar  static  stresses  im¬ 
posed  ir:  other  ways. 

SUBSEQUENT  PROCESSING  OPERATIONS 
TO  COUNTERACT  RESIDUAL  STRESS 
PRODUCED  IN  MACHINING  AND  GRINDING 
OF  HIGH-STRENGTH  STEELS 

It  has  been  found  possible  to  relieve  consid¬ 
erably  the  grinding  stresses  on  hardened  steels 
by  biief  low-temperature  annealing  without  signifi¬ 
cant  effect  on  metal  hardness.  Foi  example, 
a  90-second  immersion  in  :  salt  bath  at  550* F 
followed  by  a  water  quench  oduced  a  50  percent 
decrease  in  tensile  residual  >,.ess  on  hardened 
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FIGURE  38.  MEAN-6TRESS  ALTERNATING-STRESS  DIAGRAM  FOR  THE  DATA  I  F  :>M  FIGURE  37. 

BROKEN  LINE  IS  FROM  INVESTIGATION  5,(9)  SIMILAR  EFFECT  OF  RESIDUAL  STRESS 
TO  THAT  OF  EXTERNAL  STRESS  IS  SH0WN(9> 


steel.  It  would  be  valuable  to  perform  a  system¬ 
atic  study  on  residual  stress-relieved  or  machined 
and  ground  high-strength  steels. 

Tumbling  can  be  used  to  alter  the  grinding 
st'esses  oy  superimposing  a  new  stress  distribu¬ 
tion.!^^)  The  as-ground  tensile  residual  stress 
of  lb0,000  psi  on  64  R^  tool  steel  was  reduced  to 
^0,000  psi  by  subsequent  tumbling,  Figure  39. 
Abrasive  tumbing  of  5^i''0  steel,  59R^,  ground 
previously  wi  th  either  tensile  or  compressive 
residual  stresses  moderately  raised  the 
fatigue  strength.  The  tumbled  surfaces  with 
their  high  compressive  stresses  caused  the 
fatigue  failures  to  nucleate  elow  the  surface,  (^^) 

As  previously  discussed,  shot  peening  is  used 
quite  widely  on  high-strength  steel  components, 
such  as  landing  gears,  for  imposing  a  definite  com¬ 
pressive  residual  stress  which  supersedes  any 
nrevious  residual  stress  imposed  by  machining  or 
grinding. 

EFFECT  OF  MACHINING  AND  GRINDING  OF  HIGH- 
STRENGTH  STEELS  ON  STRESS  CORROSION 

It  again  seems  logical  to  presume  that  the  high 
residual  stresses  imposed  by  machining  and  grind¬ 


ing  of  high-strength  steels  will  affect  their  stress 
corrosion  prmierties.  It  has  been  demonstrated 
by  Tarasov!^')  that  etching  of  abusively  ground 
hardened  steel  in  hydrochloric  or  sulphuric  acid 
of  suitable  concentration  will  produce  almost  in¬ 
stantaneous  "etch  Cl  icks". 

Several  tests  were  run  recently  at  Metcut  Re¬ 
search  Associates,  Inc.  ,  to  investigate  the  effect 
of  gentle  and  abusive  grinding  on  the  stress  corro¬ 
sion  of  4  310  steel  and  D6AC  steel  at  50  R^.  In  this 
test,  steel  strips  were  prepared  3/4"  wide  by  3.9" 
Ion.-,  and  one  of  the  flat  surfaces  of  the  4  340  and 
D6aC  specimens  was  ground  by  gentle  and  abu¬ 
sive  methods  as  follows; 

Type  Grind  Grinding  Wheel  Wheel  Speed 

Gentle  A46K8V  2000 

Abusive  A46K8V  6000 

Grinding  Fluid  Down  Feed 

Sulphurised  oil  Low  stress 

Dry  .  002  in.  /pass 

The  specimens,  i»^*er  grinding,  were  then 
bent  so  that  the  ground  side  was  put  in  tension. 
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FIGURE  39.  MODIFICATION  OF  RESIDUAL 
STRESSES  BY  ABRASIVE  TUMBLING(^5) 

The  tensile  stress  applied  was  110,000  psi  which 
18  approximately  50  percent  of  the  yield  strength  of 
both  the  4340  and  D6AC  steels.  The  specimen  was 
held  in  its  bent  position  by  means  of  a  simple  fix¬ 
ture,  Figure  40,  which  in  turn  was  placed  in  a  salt- 
spray  cabinet.  The  salt-spray  conditions  used 
were  those  corresponding  to  ASTM  B1 1  7-6^.  Thf 
solution  consisted  of  95  parts  distilled  water  and 
^  psrts  sodium  chloride  with  the  chamber  temper- 
eture  maintained  at  95  F,  The  salt*  spray  fog  was 
direr  led  into  the  chamber  containing  both  the  gentle 
and  abusively  ground  specimens. 


FIGURE  40.  FIXTURE  FOR  STRESSING  SPECIMEN 
IN  SALT-SPRAY  STRESS-CORROSION  TEST 


The  results  of  the  salt-spray  test  are  shown  in 
Table  3.  The  abusively  ground  4  140  steel  failed 
after  70  hours,  while  the  gentiv  eern^.i  Bieei 

lasted  435  hour;  ueiore  failure.  The  abusively 
ground  D6AC  steel  failed  alter  lb  hours,  wheveae 
the  gently  ground  DbAC  did  not  fail  after  7b8  houra. 
The  photomicrographs  of  the  abusively  ground 
DbAC  and  4340  steels  after  stress-cormsiun  fail¬ 
ure  are  shown  in  Figures  41  and  42.  Figure  4la 
shows  typical  stress-corrosion  cracks  which  indi¬ 


cate  tendencies  toward  an  intergranular  type  of 
failure  progression  in  DbAC.  Figure  41b  shows 
an  etched  surface  at  a  magnification  of  500X. 
Figure  42  shows  a  similar  type  of  failure  surface 
for  4340  steel. 


TABLE  3.  STRESS-CORROSION  TESTS  IN  SALT  SPRAY 


Sp4C. 

No. 

Matarlai 

Herdiiees, 
Rockwell  C 

Type  Grind 

Applied  Bending 
Streee  ofi 
Specimen 

Time  to 
Feilure  in 
Salt  Sprep 

1 

4340 

53 

Gentle 

110,000  pei 

435  houre 

2 

4340 

S3 

Abuetve 

1 10, 000  pei 

70  houre 

3 

D4AC 

SO 

Gentle 

110, 000  pel 

768+  houre* 

4 

D6.*C 

SO 

Abui  ive 

110, 000  pei 

ii  ■)ur* 

itiU  ruAAlAf  After  768  houre. 


FIGURE  41a.  UNETCHED  PHOTOMICROGRAPH  OF 
DbAC  STEEL  ABUSIVELY  GROUND  AND  SUB¬ 
JECTED  TO  SALT-SPRAY  TEST;  FAILURE  IN  lb 
HOURS;  150X  (REDUCED  APPROXIMATELY  40 
PERCENT  IN  PRINTING) 


FIGURE  41b.  ETCHED  PHOTCMICROGRAPH  OF 
DbAC  STEEL  SHOWN  IN  FIGURE  41a;  CRACKS 
APPEAR  TO  FOLLOW  GRAIN  BOUNDARIES  OF 
PRIOR  AUSTENITE;  NITAL  ETCH;  500X  (REDUCED 
APPROXIMATELY  20  PERCENT  IN  PRINTING) 


75 


FIGURE  42.  UNETCHED  PHOTOMICROGRAPH  OF 
4340  STEEL  ABUSIVELY  GROUND  AND  SUB¬ 
JECTED  VO  SALT-SPRAY  TEST:  FAILURE  IN 
70  HOURS;  lOOX  (REDUCED  APPnoXIMA  T  ELY 
20  PERCENT  IN  PRINTING) 

There  apparently  has  not  been  a  ayst'  matic 
study  of  the  effects  of  machining  and  grinding 
variables  on  stress  corrosion.  However,  it  has 
been  established  that  the  stress  corrosi<<n  of  high 
strength  steels  is  a  function  of  the  .strength  level 
of  these  steels.  Three  steels,  H- T  , 

4  340  and  9Ni-4Co,  were  tested  on  creep  machines 
by  Leading  specimens  to  a  const.int  str  ss  at 
room  ternpcraiure  and  recording  time  to  failure. 
The  test  specimens  were  alternately  immersed  in 
a  5  percent  sodium  chloride  solution  :or  five  min¬ 
utes  and  then  in  air  for  fifteen  minutes  while 
under  constant  load  at  particular  stress  levels. 
Round,  smooth  --pecimens  were  usei  and  were, 
for  the  moat  part,  stressed  at  2  0.  JOO  psi, 
which  was  equivalent  to  approxima’ely  70  to 
75  percent  of  the  ultimate  strength  of  the 
265,  000  to  280,  000  psi  materials.  The  stress 
corrosion  properties  of  all  the  m  iterials  were 
improved  by  lowering  the  ultimate  strength  as 
shown  in  Figure  4  3  for  the  H- M  steel. 

Holshouser has  reported  on  service 
failures  in  a  number  of  aircraft  parts  made  of 
4  340  steel  heat  treated  to  260,  000  to  280,  000 


UTS.  Some  of  these  failures  have  been  attributed  to 
delayed  cracking  as  a  result  of  hydrogen  embrittle- 


FIGURE  4  3.  EFFECT  OF  ULTIMATE  TENSILE 
STRENGTH  ON  THE  STRESS  CORROSION  OF 
H-1 1  STEEL 

The  presence  of  high  residual  stress  within 
a  part  is  conductive  to  hydrogen  embrittlement 
and  stress-corrosion  crac  ting.  High-strength 
steels  have  a  propensity  for  delayed  brittle 
fracture  or  static  fatigue.  ^0)  j^ese  brittle 
fractures  may  occur  when  parts  are  sub.,eLted  to 
static  loads  far  below  the  yield  point  for  con¬ 
siderable  l«-ngths  of  time,  sometimes  for  months. 
'^^**^*  '•  *  general  agreement  that  hydrogen  is 
•'*^^ssary  for  these  failures  to  occur  and  that 
hydrogen  from  (ilating  or  pickling  is  ‘he  most 
likely  cause  of  these  delayed  failures.  It  had 
been  demonstrated^  ^  )  that  it  .s  hydrogen  in 
solution  and  not  V  ydrogen  occluded  in  internal 
void*  that  la  damaging.  It  has  been  further  dem¬ 
onstrated  that  hydrogen  will  diffuse  to  the  maxi¬ 
mum  triaxiality  of  stress.  Thus,  the  process  in¬ 
volved  s  not  the  one  of  classical  diffusion,  but 
rather  diffusion  in  the  presence  of  a  stress 
gradient.  After  the  crack  is  started,  its  growth 
IS  discontinuous.  Further  cracking  growth  must 
await  diffusion  of  hydrogen  to  the  new  region  of 
maximum  triaxiality  of  stress  beyond  the  crack 
tip.  This  process  is  repeated  until  a  crack  length 
IS  reached  which  is  critical  at  which  time  failure 
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occurs.  Thus,  stress  concentration  in  a  com¬ 
ponent  plays  an  important  part  in  hydrogen  em¬ 
brittlement,  cracking  and  delayed  failure  in  steel. 
To  initiate  fracture,  hydrogen  must  reach  a  very 
high  level  in  a  local  area.  This  high  level  is 
reached  in  the  presence  of  a  stress  concentration 
by  stress  induced  diffusion  of  hydrogen  to  the 
area  of  maximum  triaxiality  of  stress. 

INSPECTION  AND  DETECTION  OF  SURFACE 
LAYERS  PRODUCED  BY  MACHINING  AND 

GRINDING  OF  HIGH-STRENGTH  STEELS 

The  surface  texture  produced  in  machining  and 
grinding  can  first  be  inspected  by  means  of  a  sur¬ 
face  finish  analyzer  which  measures  the  surface 
roughness.  Surface  burns,  if  sufficiently  severe, 
can  be  detected  visually  by  discoloration.  Surface 
burns  and  cracks  produced  in  grinding  ca"  further¬ 
more  be  detected  by  lightly  etching  in  Nital.  1^^) 

Highly  stressed  surfaces  produced  in  abusive 
machining  or  grinding  can  be  detected  by  destruc¬ 
tive  etching  in  hydrochloric  or  concentrated 
sulphuric  acid.  If  the  residual  tensile  stresses 
are  high  enough,  etching  cracks  will  be 
produced.  Surface  voids  and  excessive  tears 

and  cracks  can  be  detected  by  magnetic  particle 
or  dye  penetrant  inspection  methods. 

The  residual  surface  stress  induced  in 
machining  and  grinding  can  be  detected  nonde 
structively  by  X-  ray  diffraction  techniques. 
Portable  X-ray  equipment  using  special  techniques 
has  been  used  to  determine  residual  stresses 
nonde«tructively  on  hi,  h-strength  steel  parts. 


such  as  main  landing  gears.  One  company  is 
using  X-ray  diffraction  techniques  to  set  up 
machining  methods  in  manufacturing  jet  engine 
discs.  Favorable  residual  stress  patterns  are 
purposely  machined  into  both  sides  of  the  disc  so 
that  the  residual  stress  on  both  sides  are  matched, 
which  in  turn  tends  to  produce  flat  discs. 

A  study  is  under  way  to  investigate  possible 
UaC  of  ultrasonic  methods  in  the  measurement  of 
residual  stress  in  steels  and  other  alloys  by  non¬ 
destructive  means.  It  has  been  observed  that 

the  velocity  and  attenuation  of  ultrasonic  waves 
through  solid  materials  are  unusually  stress  de¬ 
pendent,  Ultrasonic  equipment  is  also  being  used 
to  detect  nondestructively  the  combined  effects  of 
the  presence  of  surface  discontinuities  and  the 
presence  of  untempered  martensite. 

In  conclusion,  it  would  appear  that  there  is 
need  for  a  wider  recognition  of  the  fact  that  sur¬ 
faces  generated  in  all  types  of  metal  removal 
proces.-ies  can  he  altered  considerably  from  the 
base  metal  and  often  in  a  de'eterious  fashion. 
Furthermore,  serious  damage  sometimes  occurs 
after  consideraole  delay  especially  when  stress 
corrosion  environments  are  encountered. 

In  gathering  data  for  this  paper,  it  was  ap¬ 
parent  that  considerably  more  work  is  needed  to 
help  designers  and  manufacturing  engineers  m.ake 
parts  more  accurately  by  control  of  distortion  and 
to  make  parts  more  reliable  in  service  through 
control  of  their  fatigue  and  stress  corrosion 
characteristics. 
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CORROSION  P  OTECTION  OF  HIGH-STRENGTH  STEELS 


by 

S.  Goldberg4< 


Since  high-yield-etrength  steels  are  primarily 
used  for  aerospace  articles,  this  paper  is  confined 
to  corrosion  protection  from  this  viewpoint.  Al¬ 
though  other  papers  are  concerned  with  stress- 
corrosion  cracking,  hydrogen  embrittlement,  and 
corrosion  fatigue,  these  facets  are  also  considera¬ 
tions  in  serviceable  corrosion  protective  systems. 
The  environmental  conditions  are  -65  F  to  approxi¬ 
mately  1000  F  in  marine  environments  of  the  spray 
type  with  intermittent  bold  expocure.  Although  12 
per  cent  type  chromium  steels  have  been  widely 
used  without  protective  coatings,  these  materials 
require  protection  for  many  applications.  Higher 
chromium-content  materials  although  not  requir¬ 
ing  corrosio  protection  when  used  alone  ,  require 
coatings  where  they  may  contact  other  materials 
or  are  mechanically  joined  with  themselves.  Al¬ 
though  successful  protective  schemes  are  being 
used,  substantive  advances  are  needed  to  simplify 
application  and  maintenance.  Also  required  are 
nondestructive  test  methods  to  evaluate  corrosion 
damage  which  may  occur. 

INTRODUCTION 

There  is  an  advantage  favoring  the  use  of 
steel  alloys,  up  to  about  1000  E  which  has  been 
extensively  exploited.  In  consideration  of  the 
notch  effects  of  corrosion  pits,  complete  protec¬ 
tion  is  required  against  deterioration  for  reason¬ 
able  periods  in  environments  which  can  be  very 
aggressive.  The  environment  of  interest  can  be 
the  ocean  environment  with  heavy  salt  spray  or  a 
completely  protective  environment.  Other  envir¬ 
onmental  conditions  involve  ship  stack  gas 
depOsits--engine,  both  turbo-jet  and  piston  engine 
exhaust  deposits-- rocket  blast  impingement  and 
deposits- -exposure  to  runway  de-icing  materials, 
cleaning  materials;  fluids  and  other  materials 
used  in  various  systems  such  as  synthetic  lubri¬ 
cating  oils,  hydraulic  fluids,  areaaes,  etc.  Not 
to  be  overlooked  is  exposure  to  corrosive  water- 
soluble  materials  in  coatings  such  as  neoprene 
and  resins  used  in  composite  insulating  olanket 
materials.  Beach  and  desert  sand  can  bi  signifi¬ 
cant  environmental  factor^.  Although  the  wear 
factor  in  the  usually  understood  sense  is  outside 
the  scope  of  this  paper,  it  cannot  be  overlooked  in 
connection  with  the  aforementioned  deteriorating 
factors,  ’''teraction  with  the  stress  field  of 
applied  and  assembly  losds;  pressure  and  radia¬ 
tion  environment  are  factors  of  significance  in 
many  applications.  Design  for  use  in  a  completely 
corrosion- free  environment  has  no  basis  in  the 
practical  world.  Equipment  designed  for  use  in  a 
temperature-humidity  controlled  environment  can 
only  be  considered  laboratory  equipment. 

•  Bureau  of  Naval  Weapons,  Department  of  the 
Navy,  Washington,  D.  C.  20360 


Since  steels  are  generally  used  with  other 
materials,  consideration  must  be  given  to  their 
behavior  in  contact  with  other  mate  rials- -high- 
strength  aluminum  alloys,  magnesium  alloys, 
other  compositions  of  steels  and  titanium  alloys, 
and  with  brazing  materials.  Included  in  this  fac¬ 
tor  is  compatability  with  mechanical  attachments 
which  are  usually  of  the  high-strength  type  steels, 
including  stainless  compositions  and  titanium  alloys. 
A  substantial  proportion  of  these  fasteners  are  of 
proprietary  design,,  non- reusable  with  special 
retention  features  and  use  proprietary  dry-Jilm 
lubricants  to  achieve  high  clamping  force  neces¬ 
sary  for  successful  use  in  shear  applications. 

Cost  of  ownership  provides  the  limiting  frame 
of  reference  in  considering  the  approach  to  pre¬ 
vention  of  deterioration.  This  frame  of  reference 
is  further  limited  in  the  case  of  the  subject  dis¬ 
cussion  in  that  alternate  material  choices  are  ex¬ 
cluded.  In  considering  cost  of  ownership,  in  addi¬ 
tion  to  the  obvious  elements  of  original  cost  and 
life,  leas  obvious  elements  such  as  accessibility 
for  inspection,  rework,  and  replacement  and 
availability  of  tools,  materials,  and  processing 
equipment  become  significant.  Unfortunately, 
instances  of  penalities  involvin'  these  features  are 
not  rare.  A  current  problem  in  this  category  is 
illustrative. 

A  landuig-gear  trunion  designed  and  fabricated 
of  tapered  high-strength  steel  tubing  included  a 
flash  weld  to  join  the  large  diameter  center  section; 
the  weld  flash  was  allowed  to  remain  and  the  open 
ends  inadequately  sealed  and  the  interior  inadequa** 
ly  protected.  Atmospheric  condensate  build-up 
occurred  with  resulting  corrosion  and  crack  initia¬ 
tion  at  corrosion  pits  with  subsequent  failure  and 
extensive  physical  damage  during  landing.  Inspec¬ 
tion  for  corrosion  and  mechanical  damage  required 
disassembly  of  the  gear.  Rework  recpiired  the 
development  of  special  tools  which  could  only  be 
used  by  skilled  personnel  to  preclude  the  possibili'.y 
of  introducing  other  unfavorable  conditions. 

Let  us  now  consider  in  some  detail  the  conse¬ 
quences  of  deterioration  in  high-strength  steel 
parts.  The  situation  where  a  more  or  less  uniform 
corrosion  pitting  type  of  attack  which  results  in 
reduction  in  section  site,  which  as  is  well  known, 
is  the  usual  effect  of  a  corrosive  environment  on 
low-alloy  steels  of  the  4340  type,  is  the  most  com¬ 
mon  situation.  Where  the  material  was  selected 
for  reasons  other  than  static  and  dynamic  mechani¬ 
cal  properties,  such  as  stiffness,  the  effect  of  the 
deterioration  is  least  troublesome  and  a  modicum 
of  corrosion  protection  generally  is  adequate.  The 
same  kind  of  deterioration  can  be  catastrophic 
where  significant  static  or  dynamic  loads  or  com¬ 
binations  thereof  are  significant.  Hildebrand^ * 

^References  are  given  on  page  90. 
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shows  that  corrosion  pits  developed  during  pre¬ 
treatments  in  a  laboratory  evaluation  of  stress- 
corrosion  cracking  of  high-strength  steels  with 
varying  nickel  content  for  aircrr.ft  application  ap¬ 
pear  to  influence  the  behavior  of  the  4340  material. 
The  pits  were  developed  during  phosphate  coating 
pre-treatment  in  solutions  of  two  concentrations; 
the  more  concentrated  solution  resulting  in  a 
greater  loss  in  life.  Figure  1  shows  the  effect  of 
black  oxide  treatment  of  nitrided  steel.  It  is  to 
be  noted  that  the  specified  treatment  temperature 
for  this  process  is  285-295  F. 


FIGURE  1.  PHOTOMICROGRAPH  OF  NITRIDED 
bHTI^LLOY  STEEL  SHOWING  THE  GRAIN 
STRUCTI  RE  OF  THE  NITRIDED  AREA  AND 
CORE 

The  nitrided  steel  surface  had  been  coated  with 
black  oxide  under  abnormal  conditions  at  a  solu¬ 
tion  temperature  of  295  F.  The  photograph  shows 
the  pitting  and  possible  intergranular  corrosion 
attack  on  the  nitrided  area  of  the  nitralloy. 

(Etchant;  5%Nital,  Magnification:  150X, 
reduced  approximately  15  per  cent  in 
printing. ) 

Figures  2,  3,  and  4  show  the  same  kip'*  of 
behavior  to  have  been  exhibited  by  a  4  340  steel, 
landing-gear  part  heat  treated  to  260,000-280,000- 
psi  :enBile  strength.  In  this  failure,  the  corrosion 
deterioration  ks  of  the  type  described  as  "filoform"; 
stress-corrosion  cracking  has  been  established  to 
have  developed  -A-hich  precipitated  the  final  failure; 
the  pit  acting  to  provide  a  stress-concentration 
point  which  was  acted  on  by  a  fairly  high  level  of 
residual  tensile  stress;  heat  treating  was  the  source 
of  the  residual  tensile  wherein  the  normally  com- 
pressively  stressed  surface  material  was  removed 
as  the  final  machining  operation. 

Figures  5,  6,  and  7  illustrate  the  deterioration 
of  turbojet  engine  compressor  vanes  which  were 
investigated  after  an  engine  failure.  The  severity 
of  the  pitting  attacli  is  to  be  noted.  Also  to  be 
noted  IS  the  deterioration  which  occurred  under  an 
apparent  intact  paint  film. 

Testa  of  corroded  blades,  which  appear  to  have 
only  superficial  corrosion  damage,  have  established 
that  a  loss  of  approximately  50  percent  in  fatigue 


strength  is  the  consequence  of  the  corrosion  damage. 
During  investigation  of  a  failed  steel-helicopter 
component,  it  was  found  that  sometimes  fatigue 
cracks  develop  at  the  bottom  of  a  corrosion  pit. 

Figures  8,  9,  and  10  show  evidence  of  corrosion 
damage  which  led  to  premature  failure  of  an  expen¬ 
sive  jet-engine  afterburner  fuel-spray-bar  assem¬ 
bly  manufactured  from  Type  321  stainless  steel. 

The  intergranular  corrosion  and  pitting  were  sites 
for  thermal  fatigue  failure. 

METHODS  OF  CORROSION  PROTECTION 

Unavoidable  interaction  with  hydrogen  embrittle¬ 
ment  exists  in  considering  methods  of  corrosion  pro¬ 
tection.  In  this  respect,  this  treatment  will  be  con¬ 
fined  to  consideration  of  the  metal-coating  interface. 

The  ideal  coating  and  coating  process  would 
have  the  following  characteristics; 

(a)  Economical  to  apply  to  complex  shapes 

(b)  Free  from  defects 

(c)  Thickness  and  range  of  thickness  capable 
of  precise  control 

(d)  Inert  to  the  usual  chemical  environments 

(e)  Resistant  to  wear  and  erosion 

(f)  When  damaged  mechanically,  will  not  in¬ 
duce  hydrogen  embrittlement  as  the  result 
of  galvanic  effects 

(g)  Retentic  i  of  characteristics  in  the  tempera¬ 
ture  range  to  which  the  material  is  exposed 

(h)  No  damaging  effect  on  the  rnecharacal  prop¬ 
erties,  both  static  and  dynamic,  of  the 
materials  to  which  they  are  applied 

(i)  Compatible  corrosion-wise  with  other  ma¬ 
terials  which  they  contact  in  assemblies 

(j)  Easily  inspected  for  required  characteris¬ 
tics  and  interpose  no  restrictions  for  in¬ 
spection  of  materials  to  which  they  are 
applied 

(k)  Receptive  to  the  application  of  organic  finish 
systems 

(l)  Resistant  to  organic  coating  strippers. 

Since  metallic  coatings  generally  meet  these 
requirements  to  the  required  degree  and  the  char¬ 
acteristics  of  aqueous  electroplating  processes 
meet  the  process  rrqvirements ,  this  area  will  be 
discussed  initially.  The  hydrogen  embrittlement 
factor  IS  introduced  thereby. 

Although  no  unequivocal  mechanism  exists  at 
this  time  to  account  for  the  varying  characteristics 
of  various  electroplating  baths,  the  results  of  past 
and  continuing  studies  are  providing  data  which 
provide  A  clearer  insight. 

Reference  (2)  reports  the  results  of  tests  show¬ 
ing  that  aliphatic  amino  acids  in  cadmium  electro¬ 
plating  solutions  significantly  affect  hydrogen- 
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FIGURE  2.  No.  1  ORIGINAL  FACTORY  PAINT  FINISH,  No.  2  PAINT  FINISH  APPLIED  DURING  OVERHAUL 

(Note  flaking  and  peeling  of  paint  on  No.  1.  ) 


FIGURE  3.  HLOFORM  TYPE  OF  CORROSION  FOUND  UNDER  PAINT  COATING  ON  STRUT  No.  I,  IX 

(Reduced  approximately  20  percent  >n  printing.) 
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embrittlement  behavior;  or  amino-n-butyric  9.  ' 
apoears  to  essentially  previ?nt  hydrogen- 
embrittlement  damage  when  used  as  cornple  dng 
agent  in  place  of  cyanide. 


FIGURE  4.  AN  AREA  FROM  FIGURE  3  AT  HIGHER 
MAGNIFICATION  TO  SHOW  THE  NATURE  OF 
THE  HLOFORM  CORROSION,  lOX 
(Reduced  approximately  20  percent  in  printing.) 


HGURE  5.  VANE  WITH  PAINT  REMOVED,  TYPE 
401  STAINLESS  STEEL,  145  HOURS,  4X 
(Reduced  approximately  20  percent  in  printing.) 


FIGURE  6.  CORROSION  PIT  ON  TYPICAL  UN¬ 
ETCHED  VANE  FROM  FAILED  SEGMENT,  lOOX 
(Reduced  approximately  20  percent  in  printing. ) 


FIGURE  7.  VANE  PITS  ON  LEADING  EDGE,  250X 
(Reduced  approximately  20  percent  in  printing.) 


FIGURE  8.  INTERGRANULAR  CORROSION  AT 
AN  ORIFICE,  UNETCHED,  500X 
(Reduced  approximately  20  percent  in  printing.) 
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figure  9.  INTERGRANULAR  CORROSION  AT 
AN  ORIFICE,  ETCHED  ELECTROLYTICALLY, 
10%  OXALIC  ACID,  500X 

(Reduced  approximately  20percent  in  printing.) 

The  Naval  Air  Engineering  Center,  Aeronauti¬ 
cal  Materials  Laboratory,  has  demonstrated  that 
the  pre  sence  of  the  cyanide  anion  in  alkaline  solu¬ 
tions  results  in  the  increase  of  the  hydrogen  poten¬ 
tials.  This  was  thought  to  be  due  to  formation  of 
a  cyanide  compound  with  the  atomic  hydrogen  on 
the  cathode.  The  existence  of  a  cyanide  film  was 
established  by  radiochemical  means  (Cyanide  C-14) 
and  calculations  indicated  that  a  film  is  a  mono- 
molecular  layer. Using  the  same  technioue 
with  radioactive  or -amino-n-butyric  acid,(')  it 
was  established  that  the  maximum  surface  cover¬ 
age  of  the  absorbed  layer  is  considerably  less  than 
the  calculated  theoretical  value  for  a  monolayer; 
the  uncoated  "free"  area,  it  is  postulated,  contains 
many  "active  sites"  where  recombination  occurs 
of  the  atomic  hydrogen  released  at  the  cathode  to 
form  molecular  hydrogen  and  pass  out  of  solution 
as  a  gas. 

Other  empirical  data  indicate  that  the  afore¬ 
mentioned  model  may  have  some  validity. 

(a)  Brightening  addition  agents  evgravate 
hydrogen  embrittlement.  These  are 
organic  materials  such  as  aldehydes, 
ketones,  alcohols,  furfural,  dextrin, 
gelatin,  milk  sugar,  molasses,  piperonal, 
coumarin,  etc.  These  materials  form 
complexes  with  the  electrolyte  in  cyanide 
baths  and  influence  the  orientation  and 
growth  of  the  crystals,  resulting  in  the 
formation  of  fine  longitudinal  crystals. 

It  may  be  postulated  that  such  agents 
contribute  to  the  formation  of  a  more 
continuous  cathode  film  on  the  metal 
surface  than  solutions  not  containing  such 
agents.  Further,  this  film  provides 
many  uniform  sites  for  deposit  nuclea- 
tion  and  elimination  of  influence  of  the 
substrate  to  establish  significant  epitax¬ 
ial  effects. 


FIGURE  10.  PITTED  AREA  ADJACENT  TO  AN 
ORIFICE,  ETCHED  ELECTROLYTICALLY, 

10%  OXALIC  ACID,  200X 
(Reduced  approximately 20  percent  in  printing.) 

(b)  Porosity  in  deposits  appears  to  mitigate 
hydrogen  embrittlement.  (5)  Deposits 
allied  at  high  current  density  (70  amps/ 
ft^)  from  cyanide  baths  have  been  shown 
to  have  little  hydrogen  embrittlement  ef¬ 
fects  when  followed  by  23  hours  baking 
at  350-400  F.  This  behavior  appears  to 
be  similar  to  the  behavior  of  parts  plated 
from  or -amino-n-butyric  baths.  Further, 
it  is  to  be  noted  that  the  characteristics 
of  the  deposits  are  also  similar— matte 
in  appearance  and  lacking  somewhat  in 
adherence. 

Other  evidence  is  available  to  indicate  some 
merit  to  this  postulation.  A  technique  described 
in  Reference  (6)  is  capable  of  measuring  the  quan¬ 
tity  of  hydrogen  permeating  a  thin  (0.77  mm)  iron 
or  steel  membrane  during  any  type  of  cathodic 
treatment.  With  readout  in  permeation  rate  in 
terms  of  ua/cm^  (microamps/cm^),  the  data 
show  a  significant  difference  between  the  amino- 
butyrate  cadmium-plating  bath  and  the  cyanide- 
cadmium  bath  (see  Figure  11).  Figures  U,  IZ, 
and  13,  show  that  the  pre  since  of  the  cyanide  ion 
in  alkaline  el<.ct:olyteB  for  cathodic  charging  in¬ 
creases  hydrogen  permeation  tremendously.  To 
be  noted  also  is  the  barrier  effect  of  cadmium  for 
hydrogen  as  the  coating  thickness  builds  up.  This 
study,  which  is  continuing,  has  also  shown  some 
other  interesting  results. 

(a)  The  effect  of  sustained  tensile  stress  is 
much  greater  for  4340  steel  at  260,000- 
psi  tensile  strength  than  Armco  iron. 

(b)  Stress  has  been  found  to  increase  permea¬ 
tion  independently  both  of  the  pH  of  the 
catholyte  an>  the  pres'ince  of  capillary 
active  substances  the-ein(8ee  Figures  13 
and  14). 
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FIGURE  11.  DEPENDENCE  OF  PERMEATION  ON 
TIME  OF  CATHODIC  CHARGING  AND  ELECTRO¬ 
LYTE  (CURVES  1,  2,  AND  3);  ON  TIME  OF 
ELECTROCEPOSITION  OF  Cd  FROM  VARiOUS 
BATHS  (CURVES  4,5,  AND  6) 

Cathodic  Current  Denaity  =  8.  1  ma/cm^ 
Membrane  Thickness  =  0,77  mm 


Applied  Stress,  Kis 


FIGURE  12.  DEPENDENCE  OF  PERMEi^TION  ON 
TIME  WITH  (CURVE  2)  AND  WITHOUT  (CURVES 
1  AND  3)  Cd  PLATING 

Cathodxc  Current  Density  s  8.1  ma/cm^ 
Membrane  Thickness  =  I  m.  i 


Applied  Strv*st,  ksi 


FIGURE  n.  DEPENDENCE  OF  PERMEATION  ON 
Ai'PLIED  STRESS 

(c)  A  neghgibie  etlcct  ol  trace  impurities  has 
been  shown  as  the  result  of  studi  s  with 
sone-refined  iron  in  comparison  with 
Armco  iron,  whereas  drastic  effec\  jf  al¬ 
loying  has  br-sn  ahown  in  studies  with  H-11 
type  steel. 


nCURE  14.  PERCENTAGE  INCREASE  IN  PER¬ 
MEATION  WITH  INCREIASED  APPLIED  STRESS 

The  gauge  (  Figur's  15)  comprises  a  metai  pro’je 
which  is  essentially  a  metal  electroi;  tube  and  an 
instrument  for  measuring  electroa-beam  current, 
internal  probe  pressure,  oven  temperaiAirt  ,  plating 
current  deneity,  and  polarity,  with  neceasary  func¬ 
tion  switches. 


LAWRENCE  HV DROGEN-DET ECTIOM  GAUGE 

A  recent  development,  the  Lawrence  HydroRsn- 
Detettion  Gauge,  provide  a  a  new  approach  sn  thf 
study  of  processes  involving  hydrogen.  The  results 
of  an  investigation  in  progress  at  the  Naval  Air  Sta¬ 
tion,  Alameda  Materials  Laboratory,  Alameda, 
California,  ;.i.dicat>  thio  promise. 


The  aensing  element  of  the  gauge  la  a  metal- 
shelled  vacuum  tube  with  electronic  mrana  for  meas¬ 
uring  variations  in  the  low  pressures  vithin  this 
seale  1  probe  when  subjected  to  exposure  to  hydrogen 
ion  eausion  sources  and  to  baking.  The  shell  ma¬ 
terial  IS  mptaUurgically  controlled  aluminum-killed 
lOlC  steel,  0.  0  i  5-inch  thick.  Hyd 'Ogen  ions  ,  result¬ 
ing  from  chemical  or  elecirochem  cal  processes  ap- 
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FIGURL  15.  LAWRENCE  HYDROGEN- DETECTION  GAUGE  BEING  USED  TO  MONITOR  HYDROGEN 
INPUl’  FROM  SHOP  ELECTROPLATING  SOLUTION,  ALL  RELATED  ACCESSORIES  ARE  SHOWN 


pli  i  to  the  immersed  probe,  are  oorbed  on  the 
probe  shell  and  diffuse  rapidly  through  this  thin 
shell. 

The  diffused  hydrogen  ions  recombine  at  the 
probe  inner  wall  to  form  hydrogen  molecules  which 
migrate  into  the  low-pressure  vacuum  area  (10® 
torr)  and  change  the  pressure  within  the  probe 
which  is  electronically  measured  by  an  ionization 
gauge.  As  with  all  such  devices,  the  gas  pressure 
is  continually  pumped  (gettered)  by  the  active  ioni¬ 
zation  gauge,  so  that  the  pressure  that  is  shown  by 
the  meter  or  the  gauge  (or  by  the  strip  chart  re¬ 
corder  attached  to  the  hydrogen-detection  gauge)  is 
an  equilibrium  measurement,  being  a  balance  be¬ 
tween  hvdrogon  entering  the  probe  and  hydrogen 
being  pumped  (or  gettered)  within  the  probe. 

Following  hydrogen  exposure,  the  probe  is  in¬ 
serted  into  a  special  analog  oven  which  is  an  inte¬ 
gral  part  of  the  gauge.  The  probe  is  heated  in  a 
200  C  atmosphere  while  the  hydrogen  pressure  is 
measured.  Pressure  within  the  probe  increases 
ranidly  as  the  heated  hydrogen  is  driven  from  the 
apnlied  plate  into  and  through  the  steel  probe  shell. 
Tius  hydrogen  is  representative  of  that  which  is 
driven  into  production  parts  processed  similarly  to 
the  probe  and  then  baked.  The  hydrogen  which  is 
"boiled  off"  from  the  plate  during  baking  and  does 
not  enter  the  probe  will  not  contribute  to  the  embrittle 
mcnt  of  the  plate  or  be  measured  by  the  gauge.  The 
pressure  increases  to  a  peak  value  rapidly  and  then 
decre..'ses  as  the  pumping  rate  within  the  probe  ex¬ 
ceeds  the  rate  at  which  hydrogen  ia  being  released 
by  the  plating  on  the  sliell.  By  measuring  the  time, 
in  seconds,  (or  the  probe  pressure  to  fall  from  the 
peak  reading  IHP)  to  a  value  of  one-half  of  Tie  peak 
('  j  HP),  called  ihe  Lambda  Value  <  '  ),  the  hydrogen 
permeability  of  the  clcctrodeposited  coating  is 
measured.  The  numi  rical  results  of  the  gauge  are 


expressed  in  terms  of  two  related  quantitie®,  heat 
peak  (HP)  and  lambda  (i  ).  A  meter  reads  in  units 
called  hydrogen  index  (HI).  These  units  can  be 
thought  of  as  units  of  pressure.  The  greater  the 
amount  of  hydrogen  exposed  to  the  surface  of  the 
tube,  the  greater  the  pressure  within  the  tube  and 
avi  incrsased  HI  reading  will  result.  Decreasing 
the  amount  of  hydrogen  exposed  to  the  tube  surface 
will  result  in  lower  readings.  Exposing  the  probe 
to  hot  or  cold  solutions  during  processing  will  also 
register  on  the  meter  as  greater  or  lesser  HI. 
After  processing  of  the  probe  is  completed,  it  is 
placed  in  the  gauge  analog  oven.  A  irpid  rise  in 
HI  is  noted  on  the  total  hydrogen  index  (THl)  meter 
and  on  the  recorder  as  hydrogen  is  driven  out  of 
the  plated  coating  and  shell  and  as  the  temperature 
of  the  probe  approaches  maximum.  As  the  pres¬ 
sure  and  temperature  increase,  the  cleanup  rate 
also  increases  and  the  HI  reaches  a  maximum 
reading,  followed  by  a  sharp  drop  in  HI.  This 
maximum  HI  reading  is  called  ihe  heat  peak  (HP). 
This  measures  the  total  amount  of  hydrogen  sorbed 
during  the  complete  process’ng.  The  second  quan¬ 
tity  (1  )  is  the  measure  in  seconds  of  the  amount  of 
time  required  for  the  HP  value  to  decrease  to  one- 
half  Its  numerical  value. 

Knowing  ihe  HP  and  (  i  )  values,  limits  can  be 
set  to  control  the  embrittlement  by  controlling 
postplate  bake  times.  The  lower  the  value,  the 
more  hydrogen  permeable  is  the  plate,  and  hence 
for  a  fixed  HP  value,  the  shorter  is  the  postplate 
bake  time  required. 

A  set  of  curves  plotting  HP  versus  limits,  for 
various  bake  times  for  4J-I0  steel  heat  treated  to 
260-28  .,000  psi,  IS  shown  in  Figure  16.  These 
limits  are  derived  from  correlation  studies  made 
between  notch  tensile  specimens  made  from  4  J40 
steel,  heat  treated  to  260-28C , 000  pal  having  0.  Cl¬ 
inch  notch  radius  and  subject  to  75  p-rcent  ultimate 
load  (or  200  hours. 
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FIGURE  16.  DATA  OBTAINED  FROM  HDP-lA 
PROBES  AND  NOTCH-TENSILE  SPECLMENS 
MADE  FROM  4340  STEEL,  HEAT  TREATED 
TO  260-280,000  PSI 

(Having  0,01-inch  notch  root  radius  and  sub¬ 
jected  to  75  percent  ultimate  load  lor  200 
hours  to  pass  test  requirements, ) 


Figure  17  illustrates  the  read-out  obtained 
when  bright  cyanide  cadmium  electrodeposit  was 
examined.  The  curves  on  the  right-hand  side 
represent  the  effect  of  various  pre-plate  operations; 
the  inflections  in  the  central  portion  reflect  changes 
in  recorder  scale  to  accommodate  buildup  in  hydro¬ 
gen  heat  peak.  Figure  18  shows  that  Wood's  nickel 
strike  may  be  satisfactory.  Figure  19  shows  that 
hard  sulfamate  nickel  may  be  applied  over  Wood's 
nickel. 

Preliminary  experiments  indicate  that  this 
technique  can  be  used  to  study  corrosion  reactions. 

An  experiment  with  spray-metallized  aluminum  in¬ 
dicated  a  surprisingly  high  degree  of  hydrogen  in¬ 
put  during  exposure  for  15  minutes  in  a  10  percent 
sodium  chloride  solution  at  room  temperature. 

Similar  experiments  with  cadmium  coatings  indi¬ 
cated  a  significant  advantage  in  use  of  conversion 
coatings. 

As  is  well  known,  the  major  significant  effect  of 
hydrogen  in  steel  is  reduction  in  capability  to  resist 
sustained  tensile  loads.  Of  lesser  sign' ''icance  gen¬ 
erally  is  reduction  in  duvctility.  Tests  have  shown 
that  an  almost  constant  reduction  in  ductility  results 
under  given  plating  conditions  for  the  same  steel  com- 
posifion  and  heat  treated  to  various  strength  levels 
(see  Figure  20).  Tests  invoKung  high  strain  rates 
and  fat'gue  tests  of  smooth  bars  do  not  show  any  sig¬ 
nificant  effect  of  hydrogen.  However,  if  a  sharp 
notCit  exiats,  the  effect  of  hydrogen  vembrittlement 
is  shown.  In  Reference  (7),  Beck  has  shown  th&t  a 


FIGURE  17.  HRIGHT  CONVENTIONAL  CADMIUM,  5-MINUTE  PLATE  AT  20  AMPS/SQ  FT  (Test  No.  31, 
Probe  No.  N129,  Calibration  0.9  (1.  15),  To  1.52,  Corrected  Reading  Heat  Peak  1670,  Lambda  258; 
Readings  indicate  bright  conventional  cadmium  is  not  safe  on  4340  steel.  ) 
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FiGURE  19.  HARD  SULFAMATE  NICKEL,  IS-MINUTE  PLATE  AT  50  AMPS/SQ  FT  AND  WOOD'S  THCKEL 
STRIKE,  3-MINUTE  PLATE  AT  50  AMPS/SQ  FT  (  Prob.  No.  148,  C*libr4tion  0.28  (2.6),  To  151, 
Corrected  Heat  Pea*  157,  Lambda  46;  Rcadlnga  indicate  hard  eulfamate  nickel  with  Wood's  nickel  (trike 
it  fcmfe  on  high- fftrergth  4340  steel.] 
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notch  significantly  reduces  fatigue  strength;  for 
SAE  4340  (280,000  psi)  sheet-flexure  specimens, 
cathodic  charging  in  (0,  025N  NaOH  with  0,  20N  NaCN) 
reduced  the  notched  fatigue  strength  to  45  percent  of 
the  untreated  notched  control  (35  ksi  to  19  ksi), 
whereas  no  effect  was  luund  in  unnotched  specimens, 
A  lesser  effect  (30  percent  loss)  of  cadmium  deposi¬ 
ted  from  a  cyanide  bath  was  shown  for  H-11  t)l>e 
steel  (280,000  psi).  A  lesser  effect  on  rotating- 
bearn  fatigue  test  H-ll  (280,000  psi)  specimens  was 
shown,  the  deposit  front  a  cyanide  cadmium  bath 
caused  a  reduction  of  about  20  percent  (45  ksi  to 
33  ksi).  It  appears  that  the  effect  of  the  notch  is  to 
induce  local  yielding  with  accompanying  residual 
tensile  stress  which  provides  the  stress  condition 
for  crack  initiation  in  the  presence  of  hydrogen  \  th 
growth  as  the  result  of  load  applications. 

REtilDUAL  TENSILE  STRESSES 

Experience  haa  indicated  that  it  is  impractical 
to  insure  that  all  areas  of  a  part  are  free  from 
residual  tensile  stresses  which,  although  they  might 
b>t  of  sufficiently  tow  magnitude  so  as  not  to  induce 
cracking  during  exposure  to  chemical  and  electro¬ 
chemical  pretreatment  and  plating  processes, 
wi:h  superimposed  service  stresses  could  result  in 
hydrogen  embrittlement  failure.  Processes  such 
s  stress  relief  prior  to  processing  and  mechanical 
working  such  as  shot  pesning  appear  to  eliminate 
this  factor,  3ut  this  is  not  necessarily  the  case. 

Consid“ring  thermal  stress  relief,  the  maximum 
temperature  at  which  this  car  be  accomplished  is 
obviously  tne  tempering  temperature;  however,  fpr 
complex  (  rt;,  the  maximum  may  not  be  entirely 
adeqvutc  and  r  factors  become  important. 


(1)  In  many  cases,  the  stress  analysis  used  in 
design  of  the  part  does  not  adequately  re¬ 
flect  all  of  the  critical  load  conditions,  so 
that  minor  deformation  may  take  place  with 
attendant  sustained  stresses. 

(2)  In  the  case  of  aircraft,  hard  landings  can 
also  induce  minor  deformation  with  areas 
developing  sustained  tensile  stress. 

(3)  Mismatch  of  mating  parts  is  not  an  un¬ 
common  situation  to  add  to  the  problem. 

Considering  shot  peening  and  other  mechanical 
methods  of  surface  work;  although  the  condition  of 
the  surface  resulting  is  optimized  with  regard  to 
hydrogen  effects,  a  balancing  sub-surface  residual 
tensile  stress  exists.  Although  generally  this  con¬ 
dition  may  not  be  sufficient  to  cause  hydrogen  em¬ 
brittlement,  when  significant  stresses  are  induced 
for  the  reasons  discussed  in  connection  with  residual 
etz  s,  they  may  also  be  factors. 

The  significance  of  surface  and  sub-surface 
sustained  tensile  stresses  is  further  enhanced  by 
another  intrinsic  factor;  namely,  the  extreme  notch 
sensitivity  of  the  miterisls  under  concern.  As 
others  will  note,  the  critical  crack  size  for  catas¬ 
trophic  failure  being  "f  such  small  site,  existing 
crack  detection  meAods  make  their  detection  es¬ 
sentially  impractical.  In  view  this  situation, 
it  appears  to  be  prudent  to  adopt  pretreatment  and 
coating  methods  for  ultrahigh— strength  steels  which 
avoid  such  *n  array  of  problems,  which  approach 
has  been  taken  by  the  Bureau  of  Naval  Weapons. 
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Dry  mechanical  blasting  methods  are  pre-^ 
scribed  to  prepare  surfaces  where  either  spray- 
metallized  aluminum  or  vacuum-deposited  cadmium 
are  specified  as  the  metallic  coating.  Generally, 
parts  are  required  to  be  coated  with  an  organic 
finish  system.  Where  the  coating  is  functionally 
acceptable,  the  spray-m'.tallized  system  comprises 
a  thickness  of  0.  003-0.  005  inch  followed  by  a  chem¬ 
ical  conversion  coating,  one  coat  of  wash  primer, 
one  coat  of  epoxy  primer,  and  one  or  two  coats  of 
epoxy  topcoat.  The  cadmium  vacuum  deposit  is 
specified  to  be  0.  0003-  to  0.  0005-inch  thick,  and 
the  same  organic  finish  system  as  the  spray- 
metallized  alxuninum  is  used,  except  that  the 
chemical  conversion  coating  is  omitted.  Elxperi- 
ence  to  date  indicates  that  adhesion  problems  can 
develop  if  scrupulous  cleanliness  is  not  obtained. 

With  regard  to  vacuum-<iepo8ited  cadmium 
coatings,  it  is  noteworthy  to  report  that  signifi¬ 
cant  extension  in  usage  has  occurr>  d  not  only  for 
steels  heat  treated  above  240,000-psi  tensile 
strength  but  to  steel  parte  of  lower  strength  level. 
Current  requirements  in  Federal  Specification 
QQ-P-416  require  that  for  parts  which  require  a 
baking  treatment  (minimum  four  hours  375  ±  25  F), 
hardness  Rockwell  C  40  and  above,  that  sustained 
load  teats  of  parts  shall  be  accomplished  to  insure 
freedom  from  hydrogen  embrittlement  damage.  In 
consideration  of  these  requirements,  a  number  of 
manufacturers  have  found  it  to  be  econcinical  to 
adopt  vacuum-cadmium  for  parts  in  the  220- 
240,000-psi  tensile  strength  range.  In  fact,  ex¬ 
perience  in  one  installation  indicates  costs  close 
to  electrodeposition.  Problems  associated  with 
spray-metallized  coatings  appear  to  be  more  diffi¬ 
cult  to  cope  with,  since  geometric  factors  are  of 
greater  significance;  optimum  adhesion  is  obtained 
when  the  coatings  are  applied  to  the  exterior  sur¬ 
face  of  regular  cylindrical  parts;  flat  surfaces  can 
be  expected  to  present  adhesion  problems.  There 
is,  however,  a  good  solution  to  the  adhesion  prob¬ 
lem;  namely,  the  use  of  an  undercoat  of  spray- 
Rvetallized  molybdenum  of  the  order  of  0.  0001-  tu 
0.0003-inch  thick.  For  reasons  as  yet  unknown, 
the  molybdenum  establishes  what  is  in  effect  a  solid- 
state  bond  with  the  substrate  and  promotes  a  sotid- 
ctate  bond  with  metals  subsequently  applied.  Ttiere 
)S,  however,  a  penalty  paid  in  that  a  severe  reduc¬ 
tion  in  fatigue  properties  results  (30-40  percent  re¬ 
duction).  Fortunately,  shot  peening  prior  to  appli¬ 
cation  of  the  molybdenum  avoidt.  this  loss.  There 
are  indications  that  significantly  better  coating  char¬ 
acteristics  may  be  obtained  using  other  application 
methods  such  as  plasma-spray.  This  technique  is 
currently  being  examined  by  the  Bureau  of  Naval 
Weapons, 

There  is  another  significant  advantage  in  the 
use  of  the  spray-nietallized  aluminum;  currently 
450  F  is  the  temperature  limitation  imposed  on 
cadmium  usage,  whereas  aluminum  coatings  gen¬ 
erally  can  be  used  up  to  about  900  F.  This  limita¬ 
tion  is  applicable  to  aluminum  applied  by  the  vacuum 
method.  Insofar  as  is  known,  the  upper  limit  for 
use  of  the  molybdenum-aluminum  coating  system 
has  not  been  investigated. 


Aluminum  deposited  by  other  methods,  such  as 
decomposition  of  metallo-organic  compounds  and  in 
pigments  in  inorganic  and  organic  binders  is  also 
receiving  attention.  As  pigments  in  silicone  resins 
the  coatings  have  been  used  with  questionable  suc¬ 
cess;  cycling  from  ambient  to  operating  tempera¬ 
ture  apparently  affects  a-nesion,  and  flaking  re¬ 
sults.  Applications  which  experience  minimum 
thermal  shock  have  greater  prospect  of  success. 

Recent  developments  in  the  ceramic-type  bind¬ 
ers  appear  to  offer  much  greater  prospect  of  avoid¬ 
ing  the  deficiencies  that  exist  in  organic  and  other 
inorganic  type  aluminized  coatings. 

Aluminum  coatings  applied  by  thermal  decom¬ 
position  of  metallo-organic  compounds  are  also 
being  investigated.  Results  to  date  appear  very 
promising.  The  most  interesting  developments  in 
these  areas  are  proprietary  processes  and  have 
application  temperatures  which  are  closely  compati¬ 
ble  with  tempering  temperatures  for  ultrahigh- 
strength  steels. 

Ceramic  coatings  should  not  be  overlooked  as 
an  area  of  future  development.  The  major  defici¬ 
ency  that  exists  in  this  area  is  the  comparatively 
high  firing  or  maturing  temperature.  Recently 
developed  coatings  which  have  satisfactory  proper¬ 
ties  have  the  capability  of  being  applied  at  about 
1000  F.  In  connection  with  ceramic  coatings  and 
metallo -ceramic  coatings,  electrophoretic  and 
electrostatic  application  of  the  uncured  material  in 
uniform  and  precisely  controlled  thicknesses  appears 
to  be  promising. 

DISSIMILAR  METALS 

It  is  fortunate  that  the  metallic  coatings  which 
are  satisfactory,  galvaaic-wisc,  for  the  protection 
of  high-strength  steels  are  generally  compatible  to 
an  acceptable  degree  with  thv-  materials  with  which 
they  are  generally  in  contact.  However,  as  is  the 
case  with  coated  high-strength  steels  themselves,  if 
a  reasonable  life  is  expected,  there  should  not  be 
any  attempt  to  use  them  in  contact  with  these  materi¬ 
als  in  any  application  where  continuous  exposure  to 
liquid  corrosive  media  is  expected,  further,  arti¬ 
cles  which  are  part  of  an  exterior  structure  should 
have  a  suitable  elastomeric  installed  at  faying  sur¬ 
faces  and  at  joints  to  preclude  entry  and  retention 
of  fluics;  fasteners  should  be  insUlled  with  wet  zinc 
chromate  pnmer  to  accomplish  the  same  objective. 

It  is  to  be  noted  also  that  the  same  procedures  should 
generally  be  followed  when  even  similar  materials 
are  used,  including  corrosion-resistant  steels,  al¬ 
though  in  the  case  of  the  latter  where  mechanical 
features  and  temperatures  preclude  use  of  available 
materials,  nickel  coating  of  the  order  of 
0.  OOOS-inch  thickness  is  generally  satisfactory.  How¬ 
ever,  for  specific  compositions,  tests  simulating  the 
temperature -corrosion  environment  should  be  con¬ 
ducted  to  insure  adequacy.  For  examp’e,  in  the  case 
of  AM-355,  electroless  nickel  has  been  found  to  pre¬ 
vent  corrosion  of  the  substrate  which  would  other¬ 
wise  occur. 
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In  connection  with  nickel  deposits,  including 
electroless  nickel,  if  fatigue  properties  are  impor¬ 
tant,  the  exposure  of  coated  parts  to  elevated  tem¬ 
perature  can  reduce  fatigue  strength,  even  though 
room-temperature  properties  before  exposure  are 
unaffected. 

Although  this  paper  iE  intended  to  cover  only 
corrosion  proter  :ion,  it  is  fitting  to  mention  briefly 
a  related  area;  namely,  wear  protection.  The  most 
commonly  used  material  is  electrodeposited  chrom¬ 
ium,  0.  OOZ-inch  minimum  thickness.  It  appears  to 
be  the  only  electrodeposited  or  electroless  coating 
which  can  be  applied  to  high-strength  steel  which 
responds  to  the  usual  four  hours  at  375  ±  25  F 
hydrogen-relief  baking  treatment.  However,  as 
with  nickel  coatings,  chromium  can  significantly 
affect  fatigue  prope  rtit  Shot  peening  prior  to 
plating  is  effective  in  preventing  such  loss.  Teats 
conducted  at  the  Aeronautical  Materials  Laboratory 
have  also  shov.n  that  shot  peening  after  plating  has 
the  same  beneficial  effect.  Figure  21  iiho"  s  the  ef¬ 
fect  of  plating  and  of  shot  peening  on  the  S-N 
curves.  It  is  worthy  of  note  that  two  other  signifi¬ 
cant  benefits  have  been  derived  from  post-plate 
peening; 


(a)  Corrosion  protection  afforded  by  the 
chromium  is  significantly  improved 

(b)  Where  the  coated  surface  is  a  seal  surface 
in  a  high-pressure  fluid  system,  a  signi¬ 
ficant  reduction  is  obtained  in  the  incidence 
of  leakage,  which  is  found  frequently  and 

is  attributed  to  cracks  in  the  deposit  which 
exist  and  grow  or  develop  when  the  system 
is  pressurized. 

Recent  tests  indicate  that  post-plate  peening  of 
electroless  nickel  coatings  also  prevents  loss  in 
fatigue  properties. 

In  past  investigations  of  cleaning,  friction,  ad¬ 
hesion,  corrosion  prevention,  and  other  studies,  or 
uses  of  the  surface  properties  of  metals,  it  usually 
was  assumed  that  a  final  solvent  cleaning  or  de¬ 
greasing  of  a  surface  was  satisfactory,  provided 
that  a  sufficiently  pure  or  volatile  solvent  was  used. 
Bewig  and  Zisman,(^)  show  that  this  supposition  is 
incorrect  even  if  the  solvent  is  nonpolar,  and  is 
capable  of  greatly  confusing  the  experiments. 

Where  complete  freedom  from  absorbed  organic 
material  is  desired,  it  is  better  to  avoid  using  any 
organic  solvent  in  the  last  stage  of  cleaning  the 
solid  surfaces. 


Cycl*»  to  Foilure 


FICaRE  21.  THE  EFFECT  OF  SHOT  PEENING  ON  THE  FATIGUE  STRENGTH  OF  PLATED  h.GH- 
STRENGTH  4340  STEEL 
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In  goieral,  the  i^eglect  of  the  effects  of;  (a)  the 
polarization  induced  in  the  solvent  by  the  metal 
absorbing  surface,  (b)  the  retention  of  a  residual 
film  by  the  solid  surface  after  evaporation  of  a  pure 
solvent,  and  (c)  the  conditions  required  to  avoid 
mixed  film  formation, are  all  sources  of  difficulty 
to  be  avoided  in  research  in  this  area. 

From  the  scientific  viewpoint,  the  kind  of  know¬ 
ledge  needed  for  understanding  corrosion  processes 
is  directly  dependent  upon  knowledge  of  solid  sur¬ 
faces.  Problems  in  the  corrosion  area  may  be  ex¬ 
pected  to  h:ive  solutions  benefitted  from  this  know¬ 
ledge.  The  attention  this  field  is  receiving  from 
physicists  using  field-ion  and  field-electron  micro¬ 
scopy  and  low-energy  electron  diffraction  provides 
this  promise.  Although  results  to  date  are  fragmen¬ 
tary,  they  are  providing  information  not  previously 
available.  For  example.  Reference  (9)  reports  that 
using  field-electron  emission  microscopy,  G.  Elhr- 
lich  at  General  Electric  Company  and  Robert  Corner 
at  the  University  of  Chicago  have  investigated  what 
happens  when  a  hydrogen  atom  attaches  itself  to  a 
surface,  for  example,  when  the  gas  is  allowed  to  be 
selectively  absorbed  on  one  side  of  the  tip  of  a  silicon 
surface  and  the  temperature  is  raised,  it  migrates 
across  the  tip;  these  studies  show  that  the  tempera¬ 
tures  for  migration  vary  with  the  crystal  plane  over 
which  the  atoms  move;  on  some  planes  the  atoms 
move  easily,  on  others  they  migrate  only  at  tem¬ 
peratures  close  to  the  desorption  temperature. 

Low-energy  electron-diffraction  stuaies  are 
providing  an  even  more  impressive  insight  to  the 
nature  of  solid  surfaces.  H.  E.  Farnsworth  and  his 
associates  at  Brown  University  have  found  that  the 
arrangement  of  atoms  on  the  surface  of  semi¬ 
conductors  IS  not  the  same  as  that  in  the  bulk  ma¬ 
terial;  the  regular  atomic  lattice  apparently  stops 
about  two  atomic  layers  below  the  surface;  the  top 
layers  have  another  structure  which  is  different 
for  each  crystal  face  and  depends  on  the  method 
vvsed  to  clean  the  surface;  absorbed  oxygen,  however, 
eliminates  this  disarray. 

L.  H.  Germer  and  A<  U.  MacRac  of  Bell  Labora¬ 
tories  in  similar  studies  with  nickel  have  shown  that 
absorbed  oxygen  promotes  disarray;  absorption  of 
i  fractional  monolayer  of  oxygen  caused  the  nickel 
atoms  'n  the  surface  to  migrate  to  new  positions, 
which  took  place  at  room  temperature.  When  Fkms- 
worth  studied  absorption  cf  oxygen  on  nickel,  he 
found  that  when  the  surface  oxygen  reached  a  certain 
concentration,  the  surface  it  essentially  nickel  and 
the  oxygen  apparently  diffused  inward.  Other  studies 
indicate  that  the  atomic  spacing  between  surface 
atoms  and  the  second  layer  is  about  5  percent  greater 
than  the  spacing  between  bulk  atoms. 

If  one  may  be  so  bold  as  to  extrapolate  this  in¬ 
formation  to  the  heterogeneous  materials  under  con¬ 
sideration,  a  possibly  more  satisfying  insight  may 
be  presented.  The  findings  by  Farnsworth  with  re¬ 
gard  to  rearrangement  of  structure  and  the  differ¬ 
ences  noted  for  each  crystal  face  suggest  that  upon 


exposure  to  a  corrosive  environment,  such  a  eru¬ 
dition  will  add  to  the  usual  heterogenity  to  permit 
the  establishment  of  local  anode-cathode  cells,  and 
the  nickel  may  also  be  useful  in  explaining  the  re¬ 
quirement  for  insuring  ready  access  of  stainless 
steel  to  a  ready  source  of  oxygen  to  maintain  corro¬ 
sion  resistance. 
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STRESS- CORROSION  CRACKING  AND  CORROSION  FATIGUE 
OF  UGH-STRENGTH  STEELS 

by 

? .  F.  Brown* 


ABSTRACT 

StrcBS-corrosion  crackLng  is  a  problem  with 
low-strength  steels  only  in  a  very  few  special  en¬ 
vironments;  it  is  seldom  a  problem  with  austenitic 
steels  at  room  temperature,  and  even  at  elevated 
temperatures  it  is  a  problem  O’  ]y  if  halides  or 
caustic  solutions  are  present.  By  contrast,  many 
higlvstrength  steels  are  highly  susceptible  to 
stress-corrosion  cracking  at  room  temperature  in 
many  "wet"  environments,  including  humid  argon 
and  distilled  water.  Substantial  advances  are 
needed  to  properly  evaluate  the  susceptibility  of 
high-strength  steel  to  stress-corrosion  cracking, 
but  the  indications  from  present  test  methods  are 
that  many  heat-treated  steels  are  susceptible  at 
strength  levels  as  low  as  150-175  ksi  yield 
strength,  in  reasonable  environments,  and  that 
the  susceptibility  increases  with  increasing  yield 
strength.  In  approximately  the  same  strength 
range,these  steels  also  begin  to  exhibit  suscep¬ 
tibility  to  hydrogen  embrittlement,  so  that  cathodic 
protection  against  stress-corrosion  cracking  can¬ 
not  be  used  in  seawater,  and  inorganic  zinc  coat¬ 
ings  are  unsuitable.  A  new  requirement  is  thus 
imposed  upon  coatin,^s  for  at  least  some  of  these 
steels;  the  coatings  must  be  more  than  corrosion 
barriers,  they  must  be  vapor  barriers  as  well. 

Cathodic  protection  measures  (even  where 
they  are  otherwise  feasible)  are  not  attractive  to 
combat  corrosion  fatigue  in  high-strength  steels, 
again  because  of  the  intrusion  of  hydrogen  em¬ 
brittlement.  In  the  atmosphere,  fatigue-crack 
propagation  rates  of  the  AISl  4340  type  steel  are 
sensitively  affected  by  humidity.  This  environ¬ 
mental  effect  may  also  be  accompanied  by  a 
tendency  for  the  periodic  fatigue  markings  to  be 
replaced  by  an  intc  rgranular-cracking  mode  re¬ 
sembling  that  of  hydrogen  embr  ittl«  ment  or 
stress-corrosion  cracking  in  this  ty-.r  of  steel. 

The  general  approach  is  outlined  which  is 
believed  necessary  to  design  studies  of  stress- 
corrosion  cracking  and  corrosion  fatigue  in  a  way 
wh  ich  IS  both  manageable  experimentally  and 
meaningful  in  terms  of  results. 

INTRODUCTION 

We  tend  to  be  conditioned,  largely  by  experi¬ 
ence  with  austenitic  stainless  steels  and  with 
aluminum  alloys,  to  assume  that  stress-corrusion 
cracking  (SCC)  is  typically  a  alow  process  and 
that  Its  effect  .,  however  inconvenient  or  costly, 
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are  not  expected  to  be  sudden  and  violent.  By  way 
of  illustration,  SCC  in  an  austenitic  stainless  steel 
pressure  vessel  will  lead  typically  to  a  leaking 
vessel.  But  in  high-strength  steels  such  as  are 
used  for  or  are  contemplated  for  rocket-motor 
cases,  SCC  can  cause  very  small  flaws  to  grow 
during  hydrostatic  testing  to  produce  thumbnail- 
shaped  cracks  such  as  in  Figure  1,  and  the  con¬ 
sequence  of  such  a  crack  in  these  steels  under 
high  stress  is  not  merely  a  leaking  pressure 
vessel  but  a  shattered  one  (Figure  2). 


FIGURE  1.  STRESS-CORROSION  CRACK 
(THUMBNAIL-SHAPED  AREA) 
FORMED  DURING  HYDRO¬ 


STATIC  TESTING  OF  A  THIN- 
WALLED  PRESSURE  VESSEL 
OF  HIGH-STRENGTH  STEEL, 
NUCLEATING  FAST  RUNNING 
FRACTURE  (CHEVRONS) 


FI  ■I'v.  i;,  PRESSURE  VESSEL  SHATTERED 
IN  HYDROSTATIC  TEST 


In  terms  of  fracture  mechanics,  the  size  of  a 
stress-corrosion  crack  or  a  corrosloiKfatigue 
crack  required  to  cause  catastrophic  shattering  of 
a  typical  austenit’c  stainless  steel  component 
under  a  reasonable  working  stress  is  enormous. 
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wherck*  the  correepondlng  critical-elia  crack  for 
a  structure  made  of  hlgh-atrength  steel  may  be 
only  a  small  fraction  of  an  inch.  Because  of  this, 
see  and  corrosion  fatigue  may  play  a  critical  role 
in  the  utilisation  of  high-strength  steels,  as  con¬ 
trasted  to  the  essentiallY  maintenance-economv 
role  which  wastage  corrosion  plays  in  the 
utilisation  of  conventional  structural  steels. 

eorrosion  fatigue  is  far  more  complex  than 
si^dss-corrosion  cracking,  but  since  all  the  con¬ 
cepts  of  see  are  applicable  to  corrosion  fatigue, 
hoik  phenomena  are  covered  in  the  present 
review. 

STRESS-CORROSION  CRACKING 
Introduction 

The  rate  at  which  the  surfaces  of  unalloyed  or 
lou^ alloy  steel  recede  by  general  corrosion  or  by 
pitting  in  quiescent  seawater  is  thought  to  be 
limited  by  the  rate  of  diffusion  of  oxygen  in  the 
water,  '^e  rate  at  which  the  advancing  edge  of  a 
stress-corrosion  crack  in  high-strength  steel  in 
salt  water  recedes  from  the  original  surface  is 
faster  by  some  6  orders  of  magnitude  than  the  rate 
of  pitting  or  general  corrosion,  and  the  phenomenon 
mus^  therefore,  be  regarded  as  a  separate  one  and 
notanerely  the  general  process  restricted  to  a 
narrow  zone.  The  rate  of  propagation  of  stress- 
corrosion  cracks  in  the  high-strength  steels  is 
comparable  to  that  for  austenitic  stainless  steels, 
and  the  processes  in  the  two  classes  are  believed 
to  involve  electrochemical  reactions.  Here  the 
similarity  largely  ends,  and  the  differences  in  the 
phenomena  in  the  two  steels  are  noteworthy: 

(1)  The  austenitic  stainless  steels  rarely 
crack  at  room  temperature,  whereas 
the  high-strength  steels  do  so  readily. 

(2)  Specific  ionic  species  (halides  or 
hydroxides)  are  believed  necessary  to 
crack  the  austenitic  steels,  but  not  the 

strength  steels. 

(3)  The  austenitic  stainless  steels  are 
not  susceptible  to  hydrogen  embrittle¬ 
ment  in  the  same  jense  that  the  high- 
strength  steels  are. 

(4)  The  austenitic  stainless  steels  are 
notch-tough,  whereas  the  high- 
strength  steels  are  notch-sensitive. 

Points  (1)  and  (2)  are  self-explanatory.  Points 
and  (4)  will  be  discussed  in  subsequent  sections. 
Considerable  progress  has  been  made  in  the  devel¬ 
opment  of  concepts  of  fundamental  mechanism8(l»2)* 
and  of  remedial  measures  for  SCC  of  the  austenitic 
stainless  steels,  but  because  of  the  four  important 
differences  cited,  it  would  appear  unwise  at  this 
time  to  assume  that  these  concepts  apply  to  the 
high-strength  steels. 


Basic  Concepts 

If  a  specimen  of  high-strength  steel  under¬ 
going  stress  corrosion  has  impressed  upon  it  very 
small  electrical  currents,  the  cracking  behavior 
is  altered.  This  can  be  explained  by  the  mecha¬ 
nism  shown  in  Figure  3,  which  depicts  metal 
dissolving  anodically  at  the  advancing  tip  of  the 
crack  and  a  cathodic  reaction  (the  reduction  of 
hydrogen  in  this  illustration)  occurring  at  another 
location.  For  these  reactions  to  occur,  electrons 
must  move  from  the  anodic  area  through  the  metal 
to  the  cathodic  area,  and  there  must  be  a  mov,e- 
ment  of  ions  in  the  electrolyte  to  complete  the 
electrical  circuit.  The  fact  that  small  extraneously 
impressed  electrical  currents  (not  shown  in 
Figure  3)  either  accelerate  or  retard  cracking,  de¬ 
pending  upon  their  direction,  Is  interpreted  as 
either  intensifying  or  opposing  the  natural  electro¬ 
chemical  process. 


FIGURE  3.  STRESS- CORROSION  CRACKING 
(SCHEMATIC) 

The  hydrogen  which  is  shown  beirg  reduced  in 
Figure  3  introduces  a  serious  impediment  to  the 
practical  use  of  the  high-strength  steels  in  aqueous 
solutions.  This  is  the  phenomenon  of  hydrogen 
embrittlement,  to  which  the  high-strength  steels 
tend  to  be  acutely  susceptible.  Hydrogen  em¬ 
brittlement  may  take  many  forms,  but  perhaps 
one  of  its  simplest  and  most  characteristic  forms 
is  that  of  delayed  fracture  (sometimes  unfortunately 
called  "static  fatigue").  This  is  illustrated  by  an 
experiment  in  which  sharply  notched  round  bars 
were  simultaneously  charged  with  hydrogen  and 
electroplated  with  cadmium  (which  effectively  seals 
in  the  hydrogen).  The  specimens  were  removed 
from  the  electroplating  bath,  thoroughly  rinsed  and 
dried,  and  stressed  in  stress-rupture  racks  at 
various  percentages  of  the  tensile  strength  of  the 
unplatcd  notched  bar.  In  the  trlaxial  zone  just 
under  the  root  of  the  notch,  a  hydrogen- 
embrittlement  crack  nucleates  and  grows  (under 
constant  load)  until  it  achieves  critical  size  and 
the  remaining  section  ruptures.  The  time  for 
this  slow  crack  growth  to  critical  5?ize  (time-to- 
fracture)  as  a  function  of  stress  is  shown  in 


•References  are  given  on  page  102. 
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Figure  4.  Note  that  in  sharply  notched  bars  this 
form  of  hydrogen  embrittlement  is  observed  at 
a  low  nominal  stress  for  this  moderately  high- 
strength  St -el. 
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FIGURE  4,  DELAYED  FRACTURE  OF  STEEL 
CONTAINING  HYDROGEN  FROM 
A  CADMIUM  ELECTROPLATING 
process(3) 

The  present  state  of  the  theory  of  hydrogen 
embrittlement  has  he^  reviewed  recently  by 
Tetelman  in  a  paper'  which  is  recommended  to 
the  interested  reader. 


FIGURE  5,  HYDROGEN-EMBRITTLEMENT 
CRACKING  (HEC)  FROM 
AQUEOUS  CORROSION 
(SCHEMATIC,  CONJECTURAL) 


Steel  corroding  in  an  aqueous  environment 
can  absorb  hydrogen  which  may  presumably  cause 
the  steel,  if  under  suitable  stress  and  if  sut'fic- 
iently  susceptible,  to  crack  not  directly  from  the 
anodic  reaction  but  from  the  hydrogen  reduced  at 
the  cathodic  areas,  as  depicted  ir  Figure  5,  The 
cathodic  reaction  m  Figure  3  is  depicted  as  oc¬ 
curring  outside  the  stress-c'  rrosion  crack,  but 
there  is  no  reason  why  it  could  not  occur  within 
the  crack,  and  in  fact  this  has  been  demonstrated 
to  occur.  (*’)  This  suggests  the  possibility  that 
under  the  right  electrochemical  conditions,  SCC 
mav  be  accompanied  by  hydrogen-embrittlement 
cracking  to  produce  a  dual  cracking  process,  as 
depicted  in  Figure  6,  (It  is  conceivable  that  this 
dual  process  can  be  further  complicated  by  purely 
mechanical  fracturing  of  limited  areas  of 
uncracked  salients  or  islands  of  metal  partially  or 
wholly  surrounded  by  a  stress-corrosion  crack.  ) 
Because  of  the  possibility  of  either  or  both  crack¬ 
ing  modes  ..i  many  aqueous  solutions,  the  non¬ 
committal  terni  '  environmental  cracking"  has  been 
used  by  some  to  cover  either  or  both  SCC  and  hy¬ 
drogen  embrittlement,  and  it  appears  to  be  an  ad¬ 
mirable  choice  of  terms  at  the  present  stage. 

We  are  thus  dealing  with  a  more  complicated 
situation  on  a  mic roscopic  scale  in  the  cracking 
of  high-strength  steel  than  is  the  case  with  other 
metals,  particularly  the  austenitic  steels.  The 
situation  IS  also  more  complicated  or  the  niacn- 
scopic  scale  because  of  the  notch-sensitivity  effect, 
for  reasons  which  will  become  evident  in  the  follow¬ 
ing  discussion. 

Several  procedures  are  in  current  use  to  eval¬ 
uate  the  notch  sensitivity  (or  its  inverse,  notch 
toughness)  of  high-strength  steels,  but  one  which 
is  particularly  instructive  to  the  present  subject 
makes  use  of  a  strip  tensile  specimen  into  which 


FIGURE  6.  DUAL  CRACKING  PROCESS  (SCC 
AND  HYDROGEN  EMBRITTLE¬ 
MENT),  (SCHEMATIC, 
CONJECTURAL) 

a  sharp  transverse  crack  i;i  inserted.  Such 
specimens  may  be  puDed  to  rupture  over  a  r.ange 
of  temperatures  and  the  data  may  then  be  reported 
as  the  net  fracture  stress.  Typical  data  for  a 
steel  heat  treated  to  be  brittle  in  one  case  .and 
tougher  (at  roon  temperature)  in  the  other  case 
are  shown  in  Figure  7.  Nole  t'.at  with  decreasing 
temperature  there  is  a  transit  m  from  high  tough¬ 
ness  (high  net-fracture  stress]  to  low  toughness. 
Not  only  can  this  transition  froni  ducti'e-to-br ittle 
behavior  be  shifted  by  changes  m  heat  treatment, 
as  shown  by  the  two  curves  of  :  gure  7,  but  it  is 
also  shifted  by  changes  in  thickness  of  specimen 
for  purely  meclianical  reasons;  An  increase  of 
20  mils  in  thickness  caused  '  u  ductile-to-br;:tle 
transition  of  one  steel  to  in  re.  se  100  Fahrenheit 
degree*^^^ 

Let  us  now  see  what  the  forei;oing  extracts 
frona  notch-sensitivity  technology  imply  to  macro¬ 
scopic  phenomena  in  SCC  testing: 


NET  FRACTURE  i  (KSII 
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FIGURE  ?.  EFFECT  OF  TESTING  TEMPERA¬ 
TURE  ON  THE  NET  FRACTURE 
STRESS  OF  MODIi  lED  TYPE  422 
STEEL  TEMPERED  AT  9C0  F 
(482  C)  (CURVE  ON  RIGHT)  AND 
AT  1050  F  (566  C)  (CURVE  ON 
LEFT) 

Af»  *r  ReL  rencc  6. 

(1)  If  one  ateel  la  more  notch  aenaitive 
than  unother  (voider  teat  condit.Jna), 
a  email  corroaion  crack  (or  even  a 
pit  or  cr  vice-corroaion  area  wuh 
no  atreaa-corroaion  crack  at  all)  may 
trigger  the  faat  fracture  (orittle  frac¬ 
ture)  m  the  notch- aenai tive  otcel, 
whereaa  a  much  Irrger  atrcaa-cor roaton 
crack  would  be  necoaaary  to  cauac  the 
tougher  ateel  to  rupiur-.  Thua  the  more 
notch- 'ough  steel  may  require  a  longer 
time  to  rupture,  not  neccaaarily  bc- 
cauae  of  a  eiower  rate  of  SCC  but  be- 
cauae  the  SCC  proceaa  muat  produce 
a  longer  crack  before  it  la  of  the 
critical  iiiae  to  act  off  the  terminal, 
purely  mechanical,  fracture.  (The 
reparation  of  the  nuclcalion,  atreaa 
corroaion,  arl  ^aa'  fracture  of  a 
apecimen  la  e’ear.y  eviaeiit  ir  Figure  8. 
Thear  are  th?  halves  oi  a  single 
specimen  hav.<  ,  r  no'rh  on  one  aide 
which  was  extended  by  fatiguing  before 
the  teat  to  the  point  marked  by  the 
smaller  arrow.  Thi-  fatigue  crack 
provided  sufficient  streas  intensity  to 
lauce  the  stress-corrosion  crack  to 
propagate  to  the  second,  larger,  arrow: 
>t  this  point  the  rvmairder  of  the  apcci- 
nie.i  ruptured  by  fast  cture.  Careful 
stucy  will  reveal  poor'  defined  chevron 


FIGURE  8.  STRESS-CORROSION  TEST  FRACTURE 


SURFACES  (MACHIN'NG  HALVES  OF  ONE 
SPECIMEN) 

Specimen  was  fatigue-cracked  to  the  smaller 
arrow  before  testing;  stress-corrosion  crack 
propagatedi to  larger  arrow,  remainder  of  sec¬ 
tion  ruptured  by  fast  fracture.  Specimen  thick¬ 
ness,  1/8  inch. 

markings  in  the  fast-fracture  area  point¬ 
ing  back  to  the  origin  of  faat  fracture. 
These  are  similar  to  tliose  which  ap¬ 
pear  mo.e  clearly  in  Figure  1,  and  they 
positively  identify  fast,  purely  mechan¬ 
ical,  fracTuiS.  The  borders  on  either 
side  of  the  fast  fra''Ture  are  known  as 
shear  lips  or  shear  l  -rders,  and  they 
are  formed  by  purely  mechanical 
rupturing,  although  ui  Her  some  circum¬ 
stances  a  stress-corrosion  crack  may 
tunnel  a  long  way,  invisible  on  the  surface 
ujitil  the  surface  layers  '^ear  apart  to 
form  the  shear  lips.  ) 

(2)  From  a  purely  geometric  cause,  a 
stress-corrosion  ack  may  not  have 
to  be  nearly  as  extensive  to  set  off  fast 
fracture  in  t  thick  specimen  as  in  a 
thin  one.  Furthernvv're,  there  is  some 
evidence  that  a  stress-corr'iiion  crack 
may  be  very  difficult  to  propagate  in  a 
very  thin  specimen  of  high-strength 
steel,  again  lor  a  purely  geometric 
reaeon. 

(t)  of  the  transition  temperature 

effect,  the  length  of  crack  r«-quired  to 
trigger  fast  fracture  is  inc reared  an 
the  test  '  em^,era’i.iye  is  increaacd  ii  r.he 
transition  range.  If  one  attempts  to 
measure  a  temperature  coefficient  of 
SCC  by  'toting  only  total  time-‘o- 
rupture.  the  two  factors  of  SCC  growth 
rate  and  notch- seneitivity  •'■ffect  oppose 
each  other,  and  the  data  are  meaning¬ 
less  St  best. 

The  lot  going  has  been  discussed  at  consid¬ 
ers' le  length  i.r  order  to  emphasste  for  the  new¬ 
comer  io  the  subject  the  tacts  that  hydroge.n  em¬ 
brittlement  (an  play  ^  important  role  ui  tbi; 
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micro-mechanism  of  cracking,  and  notch- 
sensitivity  effects  can  play  ar.  equally  important 
role  in  macroscopic  pheiiomcna  in  SCC  tests  of 
high-strength  steels,  whereas  they  can  be  safely 
ignored  in  most  other  metals,  including  the  aus¬ 
tenitic  stainless  steels. 

Conventional  Experimental 

Methods  Used  in  SCC  Tests 

Most  SCC  testing  of  high-strength  steels 
makes  use  of  specimens  of  thin  sections  because 
these  are  usually  available  as  mill  products,  they 
place  small  demands  on  loading  fixtures,  and  the', 
are  very  much  like  the  specimens  widely  used  for 
the  testing  of  other  metals.  The  specimens  are, 
with  exceptions  which  arc  as  important  as  they  are 
rure,  annotched.  Typically,  undr  exposure  the 
specimens  begin  to  develop  pits  or  other  localized 
attack*,  and  when  one  of  these  surface  irregular¬ 
ities  develops  to  sufficient  depth  and  is  in  the 
right  location  with  respect  to  the  stress  field,  a 
stress-corrosion  crack  nucleates  In  the  pit,  or 
irregularity,  and  commen'  es  to  grow  at  right 
angles  tc  the  maximum  principal  stress.  Mean¬ 
while  other  pits  may  initiate  other  cracks,  the 
growth  of  which  alters  the  stress  field  uround 
every  other  growing  crack  ui  a  c ample'  manner. 
Eventually  one  crack  will  achieve  critical  size 
and  the  remaining  section  snaps  in  fast  fractu.e 
(brittle  fracture).  A  complete  description  of  the 
cracking  process  would  require  a  statement  of  the 
rate  of  nucleation  and  rate  growth  of  the  stress- 
corrosion  cracks,  which  would  be  a  lormidable 
task  indeed  where  more  tha.i  one  crack  is  grow¬ 
ing,  and  even  nioie  formidable  if  the  specimen 
IS  "self-stressed"  and  thirefore  subject  to  re¬ 
laxation  duri.ng  growth  of  the  cracks.  In  view  <.f 
the  enormity  of  a  complete  description,  therefore, 
it  IS  not  surprising  that  ’.ue  results  of  such  tests 
are  reported  simply  as  the  total-time-to-rupture. 

Let  us  see  what  this  parameter  means:  The 
ate  of  propagation  of  fast  (br  ttle  fracture)  Is 
something  like  10^^  times  the  rate  of  propagation 
of  a  stre  as -cor  rosion  crack,  which  in  turn  is 
roughly  10^  times  as  fast  as  the  rate  of  pit  growth. 
Even  taking  into  cui'sideratioii  a  wide  di.icrence 
in  the  total  growth  of  a  pit  and  a  stress-corrosion 
crack  |  'f  indeed  there  is  much  diffe'’euce,  and  in 
ma  V  instances  seen  by  the  author,  there  was  very 
little  difference),  the  total-time-to-rupture 
parameter  is  heavily  weighted  in  terms  of  pitting 
rate  ratner  than  stress-coi  rostun-ciacking  sus¬ 
ceptibility.  The  fxet  that  mult  Iple  nucleation  of 
stress-corrosion  cracks  is  not  a  common  occur¬ 
rence  is  another  hint  that  the  tcial-time-to- 
rupture  parameter  is  tending  to  mearurc  the  pitt¬ 
ing  rate,  and  that  once  the  pit  of  favored  location 
forms,  the  SCC  and  fast-fracture  processes  are 


•in  the  case  of  the  stress-corrosion  crack  of 
Figure  i,  small  intergranular  intrusions  of 
oxide  which  probably  formed  during  heat  treat¬ 
ment  appa rcnll V  acted  to  nucleate  the  atre«a- 

rcrroiion  t  rac  s. 


so  fast  by  comparison  that  the  second-most- 
favored  pit  seldom  has  a  chance  to  nucleate  a 
stress-corrosion  crack  before  the  specimen  has 
ruptured  from  the  first  crack. 

Customarily  the  spe  imens  used  are  strips 
bent  in  their  most  flexibl'  direction,  and  as  the 
fast  fracture  runs  under  the  prevailing  stress 
pattern, the  chevron  markings  such  as  are  evident 
in  Figure  1  are  not  evident  on  the  specimen  frac¬ 
ture  surface,  and  there  may  be  no  means  what¬ 
ever  to  distinguish  between  the  extent  of  the  stress- 
corrosion  crack  ani'.  tVe  fast  fracture. 

Turning  now  to  the  sort  of  data  vhick  are  being 
collected  using  the  total-tinie-to-rupture  param¬ 
eter,  Figure  9  shews  all  the  SCC  data  on  high- 
strength  steela  which  the  author  found  readily 
available  for  "reasonable"  corrosive  rn'^dia  (sea¬ 
water,  tap  water,  distilled  water,  and  humid  air 
or  humid  argon).  The  c  rdinate  is  plotted  as 
time-to-failure,  and  the  abscissa  is  the  yield 
strength.  From  such  a  plot,  in  spite  of  (or  be¬ 
cause  of)  the  scatter,  we  can  draw  certain  con¬ 
clusions:  (1)  Many  tests  are  being  rxn  fo’" 
hundreds  or  thousands  -.f  he  urs.  (2)  Either  the 
susceptibility  to  SCC  is  not  overwhelmingly  con¬ 
trolled  by  yield  stre.igth,  or  the  test  procedure  is 
faulty,  or  both.  (Figure  9  includes  data  for 


FIGURE  9.  SUMMARY  OF  DATA  ON  STRESS- 
CORROSION  CR/XIONG  OF  ALL 
CLASSES  OF  HIGH-STRENGTH 
STEEL  USING  TRADITIONAL 
PROCEDURES 

Cor'odrnts  include  seawater,  NaCl 
•  olutiops,  tap  water,  distilled 
watier,  humid  air,  and  h>im>tt  argon 
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martensitic,  maraging,  rnd  prec  itation- 
hardening  steels,  both  stainless  and  non- 
stalnlesB,  but  even  identii/ing  p  ilnts  on  the  graph 
according  to  steel  class,  nu  pattern  emerged,  with 
the  possible  exception  that  the  stainless  steels 
were  somewhat  more  prone  to  show  cracking. 

This  is  possibly  due  to  their  greater  tendency  to 
form  pits.)  (3)  At  yielt'  strengths  of  about  175  ksi, 
many  steels  begin  to  &..ow  some  tendency  to  crack¬ 
ing,  and  at  200  ksi  and  above  tkeir  eu-..  cutibtlity 
may  be  acute. 

There  is  no  one  corrodent  which  occupies  the 
position  in  SCC  tests  of  high-strength  steels  that 
boiling  42%  MgCl^  occupies  in  tests  of  austeniiic 
stainless  steels.  Tap  water,  or  3%  or  3-1/2% 

NaCl  solution,  distilled  water,  humid  air  or  argon, 
and  acetic  acid  solutions  with  or  without  NaCl 
and  wf.^h  or  without  poisons  such  as  are  among 
the  more  common  corrodents. 

Mechanisms 

The  first  procedure  used  in  attempting  to  dis¬ 
tinguish  SCC  from  hydrogen  embrittlement  was 
based  on  the  position  that  the  term  SCC  would  be 
reserved  for  cracking  which  necessarily  involved 
corrosion  at  anodic  areas  at  the  advancing  tip  of 
the  crack,  that  is,  the  mechanism  of  Figure  3. 
Figure  10  shows  the  effect  of  small  extraneously 
impressed  electrical  currents  on  the  time-to- 
fracture  for  Type  410  stainless  steel  under  the 
indicated  conditions.  The  fact  that  a  low  level  of 
cathodic  current  very  greatly  extends  the  breaking 
time  was  taken  to  indicate  that  the  "natural"  crack¬ 
ing  process  (in  the  absence  of  impressed  current) 
is  properly  classified  as  SCC,  At  high  current 
densities  the  specimens  also  failed  after  a  short 
time:  this  was  taken  to  be  hydroge.n-embrittlement 
cracking.  (Note  that  one  must  work  in  the  micro- 
ampere/sq  cm  current  density  range  to  observe 
the  effect.  Note  also  in  this  and  in  similar  plots 
reproduced  in  the  present  paper  that  at  currents 
or  potentials  plotted  toward  the  right,  the  speci¬ 
men  is  more  cathodic,  which  is  opposite  from  the 
convention  which  Phelps  and  Loginowt'^)  used  when 
they  adopted  this  procedure  to  distinguish  between 
the  two  cracking  modes.  ) 

Figure  11  shows  the  results  of  a  similar  study 
in  a  different  rr.edium.  Here  impressing  even  a 
small  cathodic  current  decreases  the  breaking 
time,  whereas  anodic  currents  greatly  extend  life; 
this  response  was  taken  to  indicate  that  in  the 
"natural"  case  the  failure  occurred  by  hydrogen 
embrittlement. 

Figure  12  shows  the  results  of  a  similar  stuay 
in  still  another  medium:  here  impressed  currents 
failed  to  change  the  cracking  time,  which  might  toe 
interpreted  as  indicating  either  a  dual  process 
(cf.  Figure  6)  or  that  the  process  was  not  an  elec¬ 
trochemical  one. 

These  foregoing  electrochemical  analyses 
must  be  regarded  as  highly  simplified.  The 


FIGURE  10.  EFFECT  OF  IMPRESSED  CURRENTS 
ON  TIME-TO-FRACTURE  OF  A 
MARTENSITIC  STEEL,  CORRODENT 
AS  NOTED'8) 


FIGURE  11,  EFFECT  OF  IMPRESSED  CUR¬ 
RENTS  ON  TIME -TO -FRACTURE 
OF  A  MARTENSITIC  STEEL, 
CORRODENT  AS  N0TED(8) 


FIGURE  12.  EFFECT  OF  IMPRESSED  CUR¬ 
RENT  ON  TIME-TO-FRACTURE 
OF  A  MARTENSITIC  STEEL, 
CORRODENT  AS  NOTED<®) 

concluslens  Irem  them,  heweves,  a»«  ecmslstent 
with  two  subsequent  observations:  Conditions 
presumed  by  these  analyses  to  cause  SCC  caused 
the  measured  potential  to  behave  during  cracking 
as  if  the  cracking  was  occurring  along  an  active 
path:^^^)  and  conditions  presumed  to  cause 


97 


hydrogen-embrittlement  cracking  caused  hydrogen 
to  permeate  a  thin  membrane. There  is  one 
somewhat  disturbing  note  which  must  be  added 
here,  however.  The  most  painstaking  metallog¬ 
raphy,  including  fractography  with  the  electron 
microscope,  has  thus  far  failed  to  disclose  a 
metallographic  difference  between  "pedigreed" 
fractures  in  high-strength  steels  produced  by 
see,  hydrogen  embrittlement,  and  (in  some  in¬ 
stances)  fast  fracture,  all  of  which  tend  to  be 
intergranular  with  respect  tc  the  prior  austenite. 
Not  only  has  this  been  somewhat  less  than  satis¬ 
fying  as  far  as  looking  for  sharply  different 
mechanisms  is  concerned,  but  it  also  sometimes 
impedes  the  satisfactory  analysis  of  a  service 
failure  of  a  high-strr  igth  steel  part. 

Another  set  of  experiments  was  performed 
somewhat  similar  to  those  of  Figure  10  but  with 
the  following  differences:  The  steel  used  was  the 
hot-work  die  steel  designated  H-11  heat  treated 
to  a  yield  strength  of  225  ksi,  the  corrodent  as 
flowing  seawater,  the  sfecimens  were  sharply 
notched  bars,  and  they  were  carefully  maintained 
under  potential  control  (rather  than  current  density 
control).  The  nominal  stress  on  the  notched 
section  was  100  ksi  which  produces  a  stress  in¬ 
tensity  parameter  K  of  about  21  ksi\/~ in.  .  The 
results  are  plotted  in  Figure  13,  from  which  the 
following  can  be  concluded: 

(1)  Cracking  in  the  "natural"  condition 
was  by  SCC. 

(?)  Cathodic  polarisation  to  a  moderate 
extent  increased  the  life  of  the 
spec n.'iiens ;  but  somewhat  more 
negative  potentials  (toward  the  right 
of  the  plot)  caused  rapid  craCKing 
by  hydrogen  embrittlement. 

(3)  Even  with  a  geonietry  as  simple  as 
a  notched  cylindrical  bar  prepared 
in  a  machine  shop  with  long  exper¬ 
ience  .n  quality  control  over  the  notch 
acuity,  and  tested  by  personnel  long 
experienced  in  electrochemical  in¬ 
strumentation,  there  was  bad  scatter 
on  the  two  edges  of  the  central 
"protected"  sone.  Furthermore,  this 
sone  is  narrow,  and  it  does  not  include 
the  point  (slightly  to  the  right  of  -  1 . 00 
volts)  which  a  sprayed  or  otherwise 
applied  coating  of  sine  would  cause  any 
exposed  area  of  steel  to  assume.  One 
would  conclude  from  this  particular 
"map"  that  cathodic  protection  would 
not  afford  an  e.ngineering  solution  to 
the  problem  of  using  this  steel  in 
seawater 

Such  electrochemical  mapping  ss  in  rigure  1  1 
may  well  provide  :hc  quickcai  and  easiest  way  to 
find  whether  cathodic  protection  methods  arc 
useful  for  service  in  a  given  bulk  electrolvtr 


FIGURE  J,3.  EFFECT  OF  ELECTROCHEMICAL 
POTENTIAL  ON  THE  TIME-TO- 
RUPTURE  (WALDRON)(l^) 

Unlike  high-atrength  steels,  ship-plate  steels 
and  submarine-hull  steels  now  in  use  are  not  sus¬ 
ceptible  to  either  SCC  or  hydrogen  embrittlement 
i'  the  same  sense  that  the  high-strength  steels  are, 
a.  I  we  can  therefore  appl/  cathodic  protection  to 
them  to  great  economic  advantage  by  combatting 
"wastage  corrosion".  This  probably  makes  an  ad¬ 
ditional  desirable  contribution  which  will  be  men¬ 
tioned  under  the  section  on  corrosion  fatigue. 

So  much  for  stress  corrosion  cracking  as  it 
has  been  studied  by  more  or  less  conventional 
means.  We  will  return  to  the  subjei  ‘  in  a  section 
on  "Outlook"  In  order  to  get  a  preview  of  the 
problem  as  it  appears  in  studies  using  recently 
developed  test  concept!,  after  a  brief  review  of 
corroeion  fatigue. 

CORROSION  FATIGUE 

Corrosion  fatigue  might  be  regarded  ae  the 
moet  general  of  all  deierioratlon  or  failure  modee 
becauBC,  if  one  wishee  tc  be  pedantic,  he  could 
point  out  that  by  going  to  va.vioue  extremee  of  com¬ 
binations  of  corrosion  and  fatigue  conditions,  one 
could  get  straight  rorroaion,  straight  SCC,, 
straight  fatigue,  or  anything  in  between.  For  the 
purpoces  of  the  present  reviww,  however,  corro¬ 
sion  fati)ue  will  be  approached  from  the  standpoint 
of  streea-corroston  cracking.  To  all  the  com¬ 
plex  itiee  of  this  cracking  mode,  corr-ueion  fatigue 
adds  the  further  complication  o^  the  load-time 
profile,  which  can  assume  an  infinite  number  of 
forme.  Even  if  this  profile  is  kept  ainusoidal, 
there  remain  the  variables  of  maximum  load, 
average  load,  and  frequency,'  and  all  the  com- 
plexitiea  of  SCC-~«Iectrochemical  potential  effects, 
hydrogen  embrittlement,  and  notch-sensitiviiy 
effects— are  addeH  to  these.  This  formidable 
array  of  variables  has  undoubtedly  been  partly 
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responsible  tor  vbe  meager  amount  of  traditional 
corrosion- fatigue  data  available  on  high-strength 
steels.  From  a  practical  point  of  view,  there  iu 
limited  justification  for  studying  corrosion  fatigue 
of  a  metal  under  conditions  in  which  it  fail'  .‘apidly 
under  even  static  strees.  The  corrosion  fatigue 
which  is  therefore  of  practical  concern  in  the  utili¬ 
zation  of  the  high-strength-steels  is  not  that  ex¬ 
perienced  in  the  traditional  bulk  media  such  as 
salt  water  or  tap  water,  but  either  that  experi¬ 
enced  in  much  more  benign  media  (such  as  the 
atmosphere)  or  else  in  conditions  of  extremely 
low-cycle  high-stress  fatigue,  as  in  repeatedly 
hydrostatically  testing  a  pressure  vessel.  The 
fairly  recent  review-'  '  of  conventional  corrosion 
fatigue  in  general,  while  excellent  for  he  low- 
strength  steels,  gives  little  guidance  for  the  prob¬ 
lem  with  the  high-strength  steels. 

The  purist  might  take  the  position  that  es¬ 
sentially  all  the  fatigue  data  which  have  been  taken 
in  air  are  actually  corrosion-fatigue  data,  because 
particularly  for  the  high-strength  steels  the  fatigue 
behavior  in  air  of  uncontrolled  but  reasonable 
humidity  is  appreciably  different  from  that  in  a 
carefully  controlled  inert  environment.  That  this 
difference  is  appreciable  may  be  seen  in  the  curves 
of  Figure  14.  This  shows  the  crack-propagation 
rate  in  inches  per  cycle  for  specimens  of  AISl  4340 
at  a  yield  strength  o^  225  ksi  fatigued  in  tension- 
tension  at  6,000  cycles  per  minute.  Note  that  at 
low-stress  intensity  (K  =  20  ksiv^in.  )  there  is  an 


order  of  magnitude  difference  in  the  rate  in  very 
dry  air  and  the  rate  in  air  at  about  80%  relative 
humidity;  but  there  is  less  of  a  difference  at  high- 
stress  intensity  (K  =  60).  The  reason  for  this  may 
be  inferred  from  the  macrographs  of  Figure  15. 

The  fatigue  crack  initiated  at  the  left  of  this  figure 
and  propagated  toward  the  right  of  these  Kahn-type 
(single-edge  notch)  specimens.  The  shear  borders 
indicate  approximately  the  end  of  the  fatigue  and 
the  start  of  f.-st  fracture.  The  "flame-shaped" 
central  areas  of  the  specimens  fatigued  in  humid 
air  are  seen  by  electron  fractography  to  be  inter¬ 
granular,  whereas  the  lighter  areas  of  the  fatigue 
fracture  tend  to  be  transgranular.  This  is  at¬ 
tributed  to  environmental  cracking  from  atmos¬ 
pheric  moisture  occurring  in  the  zone  o£  maximum 
triaxiality.  The  gradual  disappearance  of  this 
transgranular  cracking  mode  toward  the  right  is 
attributed  to  the  inability  of  the  environmental 
processes  to  keep  pace  with  the  fatigue  fracturing 
as  the  lengthening  crack  raises  the  stress  intensity. 

Turning  from  atmospheric  "corrosion  fatigue" 
to  the  more  conventional  conditions  of  bulk  elec¬ 
trolyte,  we  find  that  for  mild  steel  undergoing 
high-speed  rotate  bending  in  salt  water,  the  ap¬ 
plication  of  cathodic  current  of  sufficient  magni¬ 
tude  could  in  effect  restore  the  air  fatigue  life,  as 
.shown  in  Figure  16.  This  might  appear  to  offer 
a  possible  way  to  the  utilization  of  high-strength 
steels  under  corrosion-fatigue  conditions  in  an 
eiectrolyte  of  sufficiently  high  conductivity  by 


do/dN  (INCHES/CYCLE) 


FIGURE  11.  CRACK  GROWTH  RATE  PER  CYCLE  (da/dN)  FOR  THREE  SPECIMENS  TESTEI  IN  AIR  OR 
DirrERENT  HUMIDITlESi  * 
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(A)  ~«0%R.H 


«<n  owv 

FIGURE  15.  MACROSCOPIC  APPEARANCE  OF 
FRACTURES  WHOSE  GROWTH  RATES  ARE 
PLOTTED  IN  FIGURE 

MAgnified  i.  bX  but  reduced  approximately 
38  percent  in  printing. 


FIGURE  16.  EFFECT  OF  IMPRESSED  CURRENTS 
OF  VARIOUS  MAGNITUDES  (NUMBER  OF 
CURVES)  ON  THE  CORROSION  FATIGUE  OF 
STEEL* 


application  of  cathodic  protection.  Thi«  however, 
only  auccceds  if  both  the  followinf  conditions 
are  met; 

(1)  There  must  be  a  full  reversal  of 
stress. 

(2)  The  cycle  rate  m>'st  be  high,  some¬ 
thing  of  the  order  of  one  or  two 
thc/tioanu  cycles  per  minute. 

If  both  the^e  conditions  are  not  met,  the 
cathodic  currents  prevent  the  corrosion  com¬ 
ponent  zi  corrosion  fatigue  must,  as  a  conse¬ 
quence  of  the  thermodynamics  of  the  Fe-H20 
system,  reduce  hydrogen  from  the  water,  and 
the  consequence  o'  this  is  hydrogen  embrittle¬ 
ment.  This  is  not  observed  under  complete  re¬ 
versal  at  high  cycle  rate  because  (according  to 
present  models  of  hydrogen  embrittlement)  there 
must  be  sufficient  time  for  hydrogen  to  diffuse  in 
the  rone  of  triaxial  tension  ahead  of  the  advancing 
crack  front  in  order  for  to  contribute  to  the 
cracking  process,  and  the  compression  half  of  the 
cycle  must  then  in  effect  counteract  the  tension 
half.  Under  cither  (a)  tension-tension  program¬ 
ming  (high  or  low  speed,  but  lacking  the  com¬ 
pression  half  of  the  cycle), or  (b)  slow  tension- 
compression,  allowing  time  for  the  damage  to  be 
done  during  the  tension  portion  of  the  cycle, 
hydrogen  embrittlement  is  seen  if  hydrogen  has 
access  to  the  steel. 

Figure  17  shows  data  on  steel  fatigued  in 
reverse  bending  at  90  cycles  per  minute  in  salt 
solution.  The  stress-time  profile  was  the  same 
for  all  specimens,  and  the  electrochemical  poten¬ 
tial  was  fixed  at  various  levels  ranging  from  the 
unprotected  to  the  point  of  vigorous  evolution  of 
hydrogen;  the  number  of  cycles  to  complete  fail¬ 
ure  was  then  recorded.  These  data  show  that  for 
the  limited  number  of  conditions  studied,  the  ap¬ 
plication  of  a  small  degree  of  cathodic  protection 
(ti  ,  say,  0.8  volts  to  Ag/AgCl)  improves  the 
fatig^!<t  Him  to  equal,  or  to  at  leaet  approach,  the 
fatigue  life  in  air;  but  that  at  higher  levels  of 
cathodic  protection  the  life  falls  eff,  in  accordance 
with  the  model  discussed  above.  (The  same 
qualitative  behavior  haa  also  been  aeen  in  mild 
steel  which  cannot  have  been  much  <iifferent  in 
atr’..ngth  from  that  used  in  the  study  of  Figure  1C, 
but  the  cycle  rate  made  the  difference.  ) 

The  effect  of  potential  on  corrosion  fatigue 
has  not  been  thoroughly  explored  with  all  the 
other  { <!rtinent  variables,  but  the  behavicr  seen 
in  Figure  17  has  been  confirmed  in  so  many  steels 
at  various  strength  levels  that  it  must  be  a 
widespread  phenomenon.  The  important  point  is 
that  one  should  not  assume  too  (onfidently  that 
cathodic  protectioi.  provides  as  easy  a  way  out  of 
corrosion  fatigue  as  the  study  of  Figure  16  (or 
several  similar  more  recent  high-speed  studies) 
might  be  thought  to  imply.  Although  gross  over- 
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FIGURE  17.  EFFECT  OF  POTENTIAL  ON  CYCLES 
TO  FAILURE  ON  MEDIUM-STRENGTH  STEEL 
FATIGUED  IN  REVERSE  BENDING  AT  TWO 
MAXIMUM  STRESS  LEVELS^^^) 


protection  can  cause  a  loss  in  fatigue  life,  in  point 
of  fact  the  cathodic  pro  ection  systems  now  in  use 
for  hulls  of  (low-strength)  steel  probably  contribute 
to  resisting  corrosion  fatigue  for  two  reasons; 
These  systems  probably  do  not  polarize  the  hull 
much  beyond  the  opti’.num  potential  range,  if  at 
all;  and  even  minimal  cathodic  protection  appears 
to  prevent  the  formation  of  pits  which  otherwise 
would  invite  the  nucleation  of  corrosion-fatigue 
crachs.  Hence  the  cathodic  protection  systems 
new  in  use  for  ui  derwater  structures  of  low- 
st.ength  steels  not  only  contribute  to  maintenance 
economy  but  may  add.tionally  mitigate  corrosion 
fatigue  With  little  chance  of  any  adverse  effects 
from  hydrogen. 


OUTLOOK 

Learning  how  to  use  high-strength  steels  under 
stress- Cor rosion  cracking  conditions  and  corrosion- 
fatigue  conditions  requires  that  we  learn  haw  to  ex¬ 
clude  the  environment  by  euitable  coat.nge,  or 
that  we  leain  how  to  identify  with  confidence  eteels 
which  are  reeietant  to  iheac  cracxing  modea. 

(With  the  high-«tr«ngth  steels,  one  seldom  has  the 
possibility  freely  at  his  disposal  of  removing  the 
strecsee,  fc  high-temperature  strese  relieving  of 
heat-treated  components  would,  in  ail  too  many 
cases,  degrade  the  required  etrength  properties 
before  it  would  relieve  the  stresses.  It  is  not 
uncommon  therefore  to  find  environmental 
cracking  of  heat-treated  shapes  as  simple  as 
flat  plates  and  hollow  cylinders.  )  There  is 
ample  evidence  that  ori^anic  coat'nga  which  are 
perfectly  adequate  to  prevent  general  corrosion 
may  not  be  adequate  to  prevent  SCC  of  a  sus¬ 
ceptible  eteel,  eo  that  a  new  criterion  of 
adequacy— perhaps  Impermeability  to  humid 
air — may  have  to  be  established  and  met.  If  we 
are  to  learn  how  to  characterise  with  confidence 


the  response  of  high-strength  steels  to  stressing 
in  a  corrosive  environment,  it  is  necessary  to 
modernize  our  concepts  of  testing  for  both  SCC  ; 
and  >.:orrosion  fatigue.  The  need  to  modernize  iL 
bUL.  testing  is  du*  to  the  long  time  which  must  ^ 
elapse  before  one  'an  characterize  a  metal  even  ^ 

tentatively  as  "resistant",  and  to  the  fact  that  I 

there  is  not  much  we  can  do  with  total  time-to-  f 
failure  data  on  initially  smooth  specimens.  It  is  * 
known  that  the  stress-corrosion  process  is  , 

relatively  rapid,  and  that  it  is  sensitive  to  stress  I 
intensity.  Why  then  does  one  not  start  with  a  high  \ 
stress  intensity,  provided  by  a  pre-existing  L 

crack,  and  then  characterize  the  cracking  be-  i 

havior.  The  data  are  not  only  taken  rapidly,  bit  | 
in  principle  they  can  be  related  to  the  stress  and  t 
crack  size  needed  to  cause  a  stress-corrosion  | 

crack  to  grow  in  a  real  structure. 

At  least  three  different  methods  have  been 
used  to  do  just  this:  (a)  Monitoring  the  crack 
length  by  measuring  the  electrical  resistance  of 
the  specimen(17)  (which  unfortunately  introduces 
some  potential  complications  in  a  SCC  test  using 
a  highly  conductive  electrolyte  such  as  salt  water), 

(b)  observing  the  time-to-failure  of  a  notched 
specimen  under  known  initial  stress  intensity 
K^-  (18);  or  (c)  mechanically  gauging  the  crack 
opening  (19).  These  methods  have  not  been  ap¬ 
plied  enough  yet  either  to  sort  out  the  most  ad¬ 
vantageous  for  all  purposes,  or  to  characterize 
the  response  of  various  steels.  There  dees,  how¬ 
ever,  appear  to  be  an  enormous  difference  in 
response  of  a  given  martensitic  steel  depending 
upon  heat  treatment,  and  there  appears  to  be  a 
large  difference  between  some  of  the  classes  of 
steels  studied  so  f;:ir.  Some  of  the  most  interest¬ 
ing  published  data  using  the  pre-cracked  specimen 
ar«  shown  in  Figures  18  and  19.  Here  the  author 
stresses  pre-cracked  specimens  to  an  initial 
stress  intensity  and  exposes  them  unt  »  they 
rupture.  He  then  oivtdes  the  stress  intensity  at 
exposure  Kj,  by  the  notch  toughncee  of  the  eteel 
Kjj.  and  repor.s  the  tlme-to-f»llure  as  »  function 
of  th  is  r..tio.  As  the  ratio  approachea  unity, 
one  approachea  the  condition  under  which  the 
specimen  must  in  effect  be  torn  apart  in  the  test. 

In  Figure  IS  it  appears  that  this  ratio  reaches  an 
asymptote  of  roughly  0.  9  for  an  18%-nickcl 
maraglng  steel  plate  but  that  the  asymptote,  if 
any,  must  be  less  than  about  0.  6  for  the  weld 
center.  (By  contrast,  a  ratio  of  about  0  IS  waa 
observed  in  a  Type  4340  steel  heat  treated  to  a 
yield  strength  of  200  kai  (19).  In  a  similar  study 
on  a  precipitation-hardening  stainless  steel  with 
about  17%  chromium  and  7%  nickel,  the  ratio 
appears  to  be  about  0.  8-0.  9  (Figure  19).  Thus 
there  is  a  real  incentive  to  take  a  searching  look 
for  resistance  to  cracking  In  the  various  steels. 

Learning  to  use  higb-streogth  steels  under 
corrosion-fatigue  conditions  requires,  even  more 
than  the  case  of  SCC,  a  modernization  of  test  con¬ 
cepts.  Again  the  general  approach  of  making  use 
of  the  most  practical  pertinent  concepts  of  fracture 
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FIGURE  19.  EFFECT  OF  STRESS  INTENSITY  -  NOTCH-TOUGHNESS  RATIO  ON 
TIME-TO-FRACTURE  OF  PR.E-CRACKED  SPECIUENS  OF  A 
PRECIPITATION-HARDENING  STEEL(>«) 
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mechanics  is  indicated  where  these  concepts 
promise  real  helpfulness  in  streamlining  an  other¬ 
wise  impossibly  demanding  task,  both  in  conducting 
experimental  research  and  in  retrieving  the  find¬ 
ings  when  needed. 

Unless  and  until  we  find  otherwise,  we  m>'st 
assume  iJiat  electrochemical  processes  are  nec¬ 
essarily  involved  in  both  SCC  and  corrosion  fatigue. 
Modernization  of  testing  must  of  course  reckon 
with  this.  As  a  barest  minimum,  one  must  meas¬ 
ure  and  control  the  potential  wherever  this  can  be 
done  in  a  significant  way,  rather  than  to  try  to 
investigate  electrochemical  processes  by  control 
Oi  measurement  of  currents  alone.  For  the  metal¬ 
lurgist,  this  represents  a  difference  analogous  to 


controlling  or  measuring  the  temperature  inside 
an  electrically  heated  furnace  rather  than  merely 
controlling  or  measuring  the  current  through  the 
windings,  even  though  the  current  is  responsible 
for  creating  the  temperature:  It  is  the  intensive 
parameter  which  is  fundamental  in  both  cases. 
Controlling  the  chemical  environment  is  of  course 
not  as  simple  as  potentiostating  the  specimen.  The 
stress-corrosion  crack  or  the  corrosion-fatigue 
crack  must  surely  represent  a  type  of  chroma¬ 
tography  column,  sorting  out  the  chemical  species 
from  the  mouth  of  the  crack  to  the  advancing  tip, 
and  so,  for  a  long  time  to  come,  even  using  the 
best  concepts  of  fracture  mechanics  and  electro¬ 
chemistry,  there  will  remain  enough  complexities 
to  keep  the  subjects  of  stress-corrosion  cracking 
and  corrosion  fatigue  challenging. 


REFERENCES 


(1)  Hoar,  T,  P.  ,  "Stress-Corrosion  Cracking", 
Corrosion,  ^9,  331t  (1963). 

(2)  Barnartt,  S.  ,  "General  Concepts  of  Stress- 
Corrosion  Cracking" ,  Corrosion,  J[_8,  322 1 
(1962). 

(3)  Rinebolt,  J.  A.  ,  and  Raring,  R,  H.  ,  "The 
Effect  of  Gases  in  Steel",  NRL  Report  4683 
(January,  1956). 

(4)  Tetelman,  A.  S.  ,  "The  Hydrogen  Eimbrittle- 
ment  of  Ferrous  Alloys",  Metallurgical 
Society  Conferences,  671  (1963). 

(5)  Brown,  B.  F.  ,  "Stress-Corrosion  Cracking 
and  Related  Phenomena  in  High  Strength 
Steels,  A  Review  of  the  Problem,  With  an 
Annotated  Bibliography",  NRJL  Report  6041 
(November,  1963). 

(6)  Srawley,  J.  E.  ,  and  Beachem,  C.  O.  ,  "Crack 
Propagation  Tests  of  Some  High-Strength 
Sheet  Steels",  NRL  Report  5263  (January, 
1959). 

(7)  Beachem,  C.  D.  ,  and  Srawley,  J.  E.  , 

"Crack  Propagation  Teats  of  High  Strength 
Sheet  Materials,  Part  V'*,  NRL  Report  5507 
(August,  1960). 

(8)  Brown,  B.  F.  ,  "Cracking  of  Martensitic, 

Type  410,  Stainless  Steel  in  Corrosive  En¬ 
vironments",  Report  of  NRL  Progress, 

40-42  (May,  1958). 

(9)  Phelps,  E.  H,  ,  and  Loginow,  A.  W.  ,  "Stress 
Corrosion  of  Steels  for  Aircraft  and  Missiles", 
Corrosion,  J[6,  325t  (I960). 

(10)  Scharfstein,  L.  R.  ,  and  Elsenbrown,  C.  M. , 
"Potential-Time  Curves  Obtained  During  the 
Stress  Cracking  of  Metals",  Nature,  188,  572 
(1960). 


(11)  Bhatt,  H.  F.  ,  and  Phelps,  E.  H.  ,  "Effect 
of  Solution  pH  on  the  Mechanism  of  Stress 
Corrosion  Cracking  of  a  Martensitic  Stain¬ 
less  Steel",  Corrosion,  _17,  430t  (1961). 

(12)  Brown,  B.  F.  ,  et  al,  "Interim  Report  of 
Progress  on  Marine  Corrosion  Studies",  NRL 
Memorandum  Report  1549  (July  1,  1964). 

(13)  Gilbert,  P.  T,  ,  "Corrosion  Fatigue", 
Metallurgical  Reviews,  1,  379  (1956). 

(14)  Dahlberg,  E.  P  .  and  Lytle,  D.  B.  , 

"Fatigue  Crack  Propagation  in  High  Strength 
4340  Steel",  NRL  Mem.crandum  Report  1471 
(November,  1963). 

(15)  Evans,  U.  R.  ,  and  Simnad,  M.  T.  ,  "The 
Mechanism  of  Corrosion  Fatigue  of  Mild 
Steel",  Proc.  Roy,  Soc.  ,  LM,  372  (1947). 

(16)  Smith,  J.  A.  ,  et  al.  Research  at  NRL,  Sub¬ 
mitted  to  NACE  for  publication. 

(17)  Johnson,  H.  H.  ,  and  Willner,  A.  M.  ,  "En¬ 
vironment  and  Fracture  of  High  Strength  Stas'", 
U.  S.  Naval  Research  Laboratory  Mechanics 
Division,  Technical  Memorandum  No.  240 
(October,  1963)  [Report  of  research  conducted 
at  Cornell  University  under  Contract  No. 
N0nr-3286(00)(X),  quoted  with  the  author's 
permission]. 

(IS)  Tiffany,  C.  F.  ,  and  Masters,  J.  N.  ,  "Applied 
Fracture  Mechanics",  Instruction  Notes  for 
Workshop  in  Frarbtre  Mechanics  (August,  1964). 

(19)  Brown,  B.  F.  ,  Unpublished  research  at 
NRL. 


103 

PROTECIION  AGAINST  CORROSION,  HYDROGEN  EMBRITTLEMENT 

by 
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GENERAL 

Hydrogen  embrittlement  is  still  a  major  prob¬ 
lem  restricting  the  use  of  very  strong  steels  and 
confidence  in  them.  Even  the  recent  5%  chromium 
and  maraging  steels  which  seem  to  be  less  sensi¬ 
tive  ta  embrittlement  by  cleaning  and  protective 
process  are  subject,  perhaps  severely,  to  stress 
corrosion  in  which  hydrogen  embrittlement  may 
play  a  large  part. 

In  most  technologies,  scientific  understanding 
lags  behind  techmcal  achievement,  but  the  tech¬ 
nologist,  though  paying  lip  service  to  the  value  of 
the  work  of  his  academic  brethren,  is  not  thereby 
held  back  from  further  empirical  practical  con¬ 
quests.  In  the  hydrogen-embrittlement  field,  how¬ 
ever,  behaviour  of  components  and  of  specimens  in 
systematic  tests  can  be  so  erratic  and  unpredict¬ 
able  that  we  feel  a  strong  need  for  a  better  ftmda- 
mental  understanding. 

THEORIES  OF  HYDROGEN  EMBRITTLEMEl^II 

It  is  generally  agreed  that  hydrogen  moves 
through  steel  in  the  atomic  form,  and  that  in  somvt 
way  it  reduces  the  cohesive  strength  of  the  steel 
lattice.  Professor  Troiano's  observations  on 
crack  initiation  and  propagation  suggest  strongly 
that  the  atoms  move  to  regions  under  tensile 
stress,  perhaps  merely  because  there  is  more 
room  in  the  lattice  there,  though  I  know  of  no 
direct  observation  of  this  movement,  e.g.,  by  anal- 
ygia  or  radiography.  These  two  acv'epted  phenom¬ 
ena  are  about  the  toUl  of  our  cerUin  knowledge. 

The  areas  of  uncertainty  are  threefold.  The  first 
concerns  the  nature  and  location  of  hydrogen  in 
steel,  and  the  effect  of  temperature.  There  seem 
to  be  at  least  two  different  torms  with  different 
rates  of  diffusion.  One  is  undoubtedly  etomic  and 
interstitial,  the  other  may  be  locked  to  some  ex¬ 
tent  At  dislocations  or  other  lattice  defects,  or  at 
foreign  atoms,  but  we  do  not  know  the  proportions 
between  the  two  forma,  the  effect  of  temperature 
on  the  proportions,  or  whether  the  locked  form  in¬ 
cludes  gas  molecules,  or  whether  gas  is  yet  a 
third  form  in  which  hydrogen  can  be  present.  Of 
the  interstitial  atomic  form  we  do  not  know  the 
magnitude  or  even  the  sign  of  the  electric  charge 
on  the  atom  or  ion,  hydrogen  dissolved  in  steel  can 
behave  as  negatively  charged  and  the  Russians 
claim  to  have  observed  this.  The  second  area  of 
uncertainty  concerns  which  of  the  two  or  more 
forms  of  hydrogen  is  responsible  for  embrittlement. 
Here  we  have  two  opposed  theories.  The  first 
comes  from  Professor  Troiano’s  experiments  in 
which  he  charged,  refrigerated  and  strained  his 
steel  specimens,  and  then  measured  their  duc¬ 
tility  after  aging,  from  these  experiments  he 
concluded  that  hydrogen  in  lattice  imperfections 

♦  principal  Scientific  Officer,  Directorate  of  Ma¬ 
terials  li  Structures  RI.D,  Ministry  of  Aviation, 
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was  harmless,  and  that  it  was  the  hydrogen  in  thv? 
lattice  which  caused  embrittlemem.  The  second 
theory  stems  from  Hewitt' s  still  unfortunately  un¬ 
published  work  on  internal  friction,  from  which  he 
concluded  that  below  about  120  C  hydrogen  is 
present  at  lattice  defects  and  causes  embrittle¬ 
ment  whereas  above  120  C  it  is  present  in  the  lat¬ 
tice  where  it  causes  no  harm. 

The  third  area  of  iincertainty  follows  closely 
from  the  second,  and  is  concerned  with  the  actual 
mechanism  whereby  hydrogen  reduces  the  cohesive 
strength  of  the  steal.  Zapffe  many  years  ago  pcs 
tulated  that  hydrogen  gas  was  formed  at  lattice 
defects  in  the  steel  and  burst  the  steel  apart.  This 
theory  accounts  satisfactorily  for  blistering  after 
acid  pickling,  but  seems  an  unlikely  explanation 
for  the  embrittlement  of  very  strong  steel  caused 
by  a  mobile  hydrogen  content  o.{  one  atom  per 
200,000  atoms  or  more  of  iron.  Kacincy  modified 
Zapffe*  s  theory  by  postulating  that  t  ie  lattice  rifts 
at  which  hydrogen  gas  is  formed  ar*^  of  the  nature 
of  Griffiths  cracks;  e.xpansiorx  of  gas  in  them  would 
provide  energy  to  promote  crack  p’’','pagatior;  at  an 
appliv'td  stress  lower  than  ir  the  abrence  of  gas. 
Fetch  also  calls  up  Griffiths  crack  ,  but  postulates 
that  embrittlement  is  caused  by  nycrogan  atoms, 
not  gas.  He  suggests  that  atoms  c  ondensed  on  the 
crack  surface  reduc  he  external  energy  required 
to  extend  the  surface,  i.  e.,  to  pro»xagate  the  crack. 
Recently  there  has  been  a  revival  of  belief  that 
.molecular  gas  plays  a  part  in  causing  embrittle¬ 
ment,  but  it  is  difficult  to  see  hov  a  gas  theory 
can  account  for  embrittlement  by  such  minute 
quantities  of  hydrogen  and  its  disappearance  at 
temperatures  above  about  120  C. 

\  better  mdersianding  of  th  natv.\re  and  loca¬ 
tion  of  harmlei'sand  damaging  hyjrogen  seems  es¬ 
sential  if  control  methods  based  n  detection  o; 
estimation  of  hydrogen  are  to  be  used  to  declare  a 
steel  safe  from  •.mbrittlumont. 

COMPOSITION  OF  STEEL 

Turning  now  to  more  practical  and  empirical 
knowledge,  there  seems  no  doubt  of  the  value  of 
cleanness  and  of  .low  sulphur  and  phosphorus  con¬ 
tent,  not  only  for  improved  mec  lanical  proper¬ 
ties,  but  also  for  reising  the  threshold  h/diogen 
content  below  which  embrittlement  does  not  occur. 
270,  000  psi  atee^  should  be  vacuum  melted  and 
of  low  sulphur  and  phospho.rut  content  as  a  matter 
of  course  and  should  bs  free  from  retained  austen¬ 
ite  which  can  traatform  on  straining  to  untempered 
martensite.  Incidentally,  the  more  ucaderalc  re¬ 
search  workers  might  note  that  e.mbrittlement  by 
hydrogen  is  so  strongly  dependent  on  impurity  con¬ 
tent  that  it  may  properly  be  convidv^red  as  an  inter¬ 
action  between  hydrogen  and  impurities. 
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SURFACE  STRESSES 

There  is  niuch  evidence  of  the  damaging  inter¬ 
action  between  hydrogen  and  surface  tensile 
strcBoes,  and  very  fair  evidence  of  the  benefit  of 
surface  compressive  stresses.  It  is  essential  to 
give  stress  relief  after  any  process  liable  to  in 
troduce  tensile  stresses  into  the  surface-  If  com¬ 
pressive  stresses  are  to  be  introduced  into  the 
surface,  as  by  shot  peening,  then  it  must  be  ar¬ 
ranged  that  the  inevitable  balancing  tensile 
stresses  aie  in  a  Jocation  in  the  cOnij^ueut  where 
they  can  aw  no  narrr  . 

CI  EAhilNG  PROCESSES 

It  is  generally  agreed  that  anodic  pickling  in 
strong  sulphuric  acid  solution  does  not  itsetf  cause 
hydrogen  embrittlement,  but  there  is  an  inevitable 
potentially  damaging  short  period  of  plain  pickling 
when  the  components  are  withdrawn  for  washing. 
Abrasive  blasting,  dry  rather  than  wet,  is  to  be  pre¬ 
ferred,  and  is  acceptable  on  close  tolerance  areas. 

PROTECTIVE  PROCESSES 

It  is  widely  accepted  that  cadmium  plate  plus 
paint  is  the  best  protective  for  steel,  though  some 
hold  the  view  that  phosphate  treatment  plus  paint 
is  as  good  or  even  better.  Much  work  has  been 
devoted  to  finding  safe  ways  of  depositing  cad¬ 
mium.  So  far  as  aqueous  processes  are  con¬ 
cerned,  this  work  has  been  reasonably  successful 
in  that  processes  of  relatively  low  embrittlement 
have  been  made  available,  and  conditions  leading 
to  a  high  degree  of  embrittlement  are  known  and 
can  be  avoided.  Vacuum  plating  is  an  obvious  but 
expensive  solution  to  the  problem:  hitherto  the  ad¬ 
hesion  of  vacuum-plated  cadmium  has  been  poor 
unless  the  surface  of  the  steel  was  first  appre 
ciably  roughened,  but  R.A.  £.  Farnborough  have 
recently  developed  a  process  which  they  think 
gives  much  better  adhesion  on  smooth  surfa>  es. 

Much  further  work  is  being  devoted  to  the 
passage  of  hydrogen  through  cadmium  films,  into 
the  steel  during  plating  and  out  during  baking. 
Perhaps  one  day  we  shall  know  whether  high  and 
low  embrittling  plating  processes  are  associated 
solely  with  the  porosity  of  the  plate  and  if  so, 
whether  we  want  high  oc  low  porosity,  and  if  high 
porosity,  then  the  degree  of  porosity  which  can  be 
tolerated  without  loss  of  protection. 

There  is  increasing  laboratory  evidence,  how¬ 
ever,  that  varunm-melted  high-purity  steel  is  not 
difficult  to  electroplate  without  dangerous 
embrittlement. 

HYDROGEN  CONTENT 

In  the  U.K.  we  tuve  tried  to  evaluate  pro¬ 
cesses  applied  to  very  strong  steel  in  terms  of 
hydrogen  absorbed  by  the  steel,  and  then  to  corre¬ 
late  hydrogen  content  with  degree  of  embrittlement 
as  shown  by  a  sustained  load  notched  tensile  test. 

A  fair  degree  of  correlation  has  been  found  be¬ 
tween  embrittlement  and  hydrogen  extractable  at 
200  to  300  C,  and  an  exercise  between  a  number 
of  laboratories  has  shown  that  concordant  and  re¬ 
producible  analytical  results  can  be  obtained  on 


standard  specimen?  There  is  now  evidence  from 
several  laboratories  that  0.  03  to  0.  ''5  ppm 
.''vdrogen  extractable  at  200  to  300  C  is  the 
threshold  quantity  which  causes  embritt’ement  in 
low-alloy,  high-strength  steels  of  normal  impurity 
content.  For  high-purity  steels  the  thresholo  may 
be  0.  3  to  0,  5  ppm,  i.  e.  ,  ten  times  as  high. 
There  is  evidence,  too,  that  a  further  constant 
0. 1  ppm  is  extractable  at  650  C  irrespective 
of  the  quantity  extracted  at  the  lower  temperature. 

PRACTICAL  CONCLUSIONS 

The  Tj.  K.  were  the  first  to  be  bold  enough,  or 
foolish  enough,  to  publish  a  spe '.ification, 

D.  T.  D.  934,  for  the  protection  of  very  strong 
steels.  Recent  work  suggests  that  on  normal 
ourity  t  teels  the  snecification  goes  in  the  righ* 
dircctio:'.  but  not  far  enough,  while  for  high- 
purity  st.^els  of  strengths  up  to  280,  000  psi 
the  speciiication  is  adequate.  It  may  not  be  ade¬ 
quate  for  steels  of  yet  higher  strength,  even  when 
they  are  of  high  purity. 

HYDROGEN  AND  FATIGUE 

There  ha  s  been  some  doubt  in  the  past  as  to 
whether  or  by  how  much  fatigue  properties  are 
reduced  by  hydrogen.  The  author  believes  that 
much  of  the  confusion  has  arisen  from  lack  of  ap¬ 
preciation  of  the  large  influence  of  surface 
stresses  on  fatigue  properties.  A  recent  investiga¬ 
tion  in  the  U.  K.  led  to  the  conclusion  that  hydrogen 
had  no  effect  on  the  axial  load  fatigue  properties 
of  a  properly  machined  test  piece  even  when  t^e 
maximum  load  exceeds  the  sustained  load  limit. 

11  the  specimen  surface  contains  large  compres¬ 
sive  stresses,  hydrogen  will  nullify  the  expected 
benefit  and  reduce  fat.^. ue  prooerties  down  to,  but 
not  below,  an  intrinsic  slue,  but  if  the  surface 
contains  tensile  stresce?,  hydrogen  can  cause  a 
catastrophic  drop  in  fsti.  le  propsrtiss.  There  is 
room  for  a  lot  more  work  on  the  surface  stresses 
Itoit  by  machining  and  grimUng  operations  and 
their  effect,  coupled  with  that  of  hydrogen,  on 
fatigue  properties. 

STRESS  CORl  PSION 

The  problem  of  applying  p'otsetive  treatment 
to  low-alloy  steel  without  damage  to  mechanical 
properties  is,  though  far  from  iJdly  resolved,  st 
least  reasonably  under  control.  Tbs  same  may  not 
be  true  of  the  danger  of  stress  corrosion  failure  in 
service. 

Until  recently  it  was  possibl*  to  regard  stress 
corrosion  failure  as  due  to  corrosion-induced  hy¬ 
drogen  embrittlement.  We  now,  l.owevsr,  have 
two  steels,  the  5%  chromium  steei  and  the  18% 

Ni  maraging  steel,  which  arc  relatively  insensi¬ 
tive  if)  hydrogen,  but  apparently  stiongly  suscep¬ 
tible  to  stress  corrosion.  Carbon  s:vl  nonstainisas 
steels  of  low  strength  have  not  hitherto  been  found 
susceptible  to  stress  corrosion  in  stmoepharic 
environments.  Hers,  then,  is  a  new  and  impor¬ 
tant  problem  requiring  research  at  all  levels. 
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THE  NOTCH  TOUGHNESS  OF  U LTP.AHIGH-STRENGTH  STEELS 
IN  RELATION  TO  DESIGN  CONSIDERATIONS* 

by 

R.  C.  A.  Thurston** *** 


INTRODUCTION 

During  the  last  ten  years,  .  apid  strides  have 
been  taken  in  the  development  and  application  of 
ultrahigh-strength  steels.  For  the  purposes  of 
the  present  paper,  ultrahigh-strength  steels  will 
be  arbitrarily  defined  as  those  steels  having  a 
yield  strength  (0.  2%)  in  excess  of  200  ksi.  Such 
steels  are  generally  available  in  the  form  of 
sheet,  plate,  bar  and  forgings,  and  their  major 
applications  are  aircraft  undercarriages,  pres¬ 
sure  vessels,  solid-propellent  rocket-motor 
cases,  and  machine  parts,  with  perhaps  many  ad¬ 
ditional  lesser  known  uses.  At  the  present  time, 
the  use  of  ultrahigh-strength  steels  is  restricted 
almost  entirely  to  those  applications  where  the 
strength/weight  ratio  of  the  component  or  product 
is  of  prime  importance,  and  their  success  or 
failure  in  these  specialized  fields  will  determine 
the  extent  of  their  contribution  to  the  manufac- 
turt.  of  engineering  items  of  a  more  general 
nature. 

The  properties  of  the  ultrahigh-strength 
steels  which  are  of  particular  interest  to  the  user 
include  tensi'  strength  at  various  temperatures, 
ductility  and  toughness,  fatigue  strength,  corro¬ 
sion  resistance,  4nd  weldability.  While  these  are 
all  probably  of  equal  importance,  and  to  some 
degree  interrelated,  the  following  discussion  will 
be  restricted  to  the  notch-toughness  character¬ 
istics,  by  which  is  meant  tne  reaction  of  the 
steels  to  the  presence  o.f  stress  concentrations, 
whether  these  be  design  dis'ontinuities,  surface 
cracks  or  internal  flaws.  It  is  an  established 
but  unfortunate  fact  that  as  the  tensile  strength 
increases,  the  ductility  and  toughness  tend  to 
diminish.  Consequently,  any  ultrahigh-strength 
steel  development  programme  involves  the  gen¬ 
eration  not  only  of  conventional  smooth  tensile 
test  data,  but  also  of  data  from  notched  tensile 
teats  and  V-notch  Charpy  impact  tests-  The  uLui- 
axial  elongation  given  by  the  standard  tensile 
test  may  be  a  satisfactory  criterion  for  a 
medium-strength  steel,  but  show  no  correlation 
with  the  performance  of  an  ultrahigh-strength 
steel.  Cottrell(l r**  has  reported  the  results  ob¬ 
tained  from  burst  tests  on  two  welded  rocket 
motor  cases  of  a  3%  Cr-14o-V  steal.  Tensile 
specimens  heat-treated  with  the  cases  gave 
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tensile  strengths  of  231  ksi  and  237  ksi  respec¬ 
tively,  and  the  same  elongation,  9-1/2%.  When 
hydraulically  pressurized  to  failure,  the  first 
case  burst  in  a  ductile  manner  at  a  hoop  stress  of 
over  235  ksi-  whereas  the  secona  case  burst  in  a 
brittle  manner  at  159  ksi.  Hence,  it  is  essential 
for  the  ultrahigh-strength  steels  to  supplement 
the  normal  tensile  data  with  the  results  of  some 
type  of  notched  test. 

This  necessity  was  recognized  at  an  early 
stage  and  numerous  tensile  and  impact  tests 
were  carried  out  on  specimens  containing  a  rela¬ 
tively  mild  stress  raiser  before  it  was  realized 
that  any  meaningful  material  evaluation  must  in¬ 
clude  specimens  with  high  stress  concentra¬ 
tions,  preferably  a  natural  crack.  The  develop¬ 
ment  of  a  suitable  specimen  was  assisted  by  the 
n  ible  work  of  Irwin  and  his  collaborators (^"5), 
wno  extended  the  Griffith  theory  and  derived  ex¬ 
pressions  for  K,  the  stress  intensity  factor,  ai 
G,  the  crack  extension  force  or  strain  energy 
release  rate,  based  on  the  principles  of  lincir 
elastic  fracture  mechanics.  A  knowledge  of  the 
fracture  toughness  of  a  material,  obtained  from 
suitable  tests,  should  enable  a  designer  to  de¬ 
termine  the  size  of  crack  the  material  will 
tolerate  without  fracture,  when  loaded  to  a  level 
approaching  that  at  which  it  would  fail  by  ex- 
c-ssive  plastic  deformation. 

In  a  series  of  reporta(^  ■10),  the  ASTM 
Special  Committee  on  Fracture  Testing  of  High- 
Strength  Materials  has  detailed  the  requirements 
for  suitable  tests  on  both  sheet  and  rounds,  and 
more  recently  a  very  clear  exposition  of  the 
present  state  of  the  art  was  presented  by  Srawley 
and  Brown{ll).  Basically,  there  are  two  types 
of  flat  specimen  used  for  fracture-toughness  tests 
in  tension  •  the  through-crack  type,  either 
centre -note hod  or  edge-notched,  axtd  the  partial 
or  surface-cracked  type.  Satisfactory  twsts  have 
also  been  made  using  a  single-edge -cracked 
specimen  ii.  tension  or  in  bending,  but  the  amount 
of  data  available  is  still  relatively  small.  For 
round  bars,  a  circumferentially  notched  and 
cracked  specimen  is  recommended  with  a  minor 
diameter/major  diameter  ratio  of  0.70/. 

Prior  to  the  development  of  fracture  mechan¬ 
ics,  the  majority  of  notched  tensile  teste  were 
carried  out  on  round  specimens  with  a  machined 
notch,  and  an  indication  of  the  notch  toughness 
was  given  by  the  ratio  of  the  notched  tensile 
strength  to  the  smooth  tensile  strength  or  the 
yield  strength.  With  a  very  sharply  notched 
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specimen,  root  radius  less  than  0.001  in.,  this 
test  still  has  many  adherents  and  is  often  used  for 
screening  purposes.  The  recommended  fracture- 
touglmcss  tests,  though  intended  for  the  estima¬ 
tion  of  plane-stress  or  plane-strain  values  of  K 
and  G,  will  also  give  values  of  the  notched  ten¬ 
sile  strength. 

In  addition  to  the  foregoing,  there  are  sev¬ 
eral  arbitrary  empirical  procedures  for  evalu¬ 
ating  notch  toughness  which  have  been  proved 
by  correlation  with  service-failure  studies. 
Prominent  among  these  are  the  explosion-bulge 
and  drop-weight  tests  developed  at  the  U.  S. 

Naval  Research  Laboratory,  the  pre-cracked 
Charpy  impact  test  and  the  Allison  instrumented 
bend  test.  Reference  will  be  made  to  their 
particular  merits  in  the  course  of  the  text. 

REVIEW  OF  NOTCH-TOUGHNESS  DATA 

The  ultrahigh-strength  steels  presently 
available  can  be  broadly  classified  in  the  follow¬ 
ing  categories: 

(1)  Low-alloy  structural  steels 

(2)  Hot-die  and  tool  steels 

(3)  Nickel  alloy  steels 

(4)  Precipitation-hardening  steels. 


Table  1  gives  typical  chemical  composition 
of  those  steels  for  which  sufficient  data  of  a 
satisfactory  nature  were  available  to  the  writer, 

In  an  attempt  to  obtain  a  realistic  appraisal 
of  the  notch-toughness  characteristics  of  the 
available  alloys,  the  data  contained  in  over  iOO 
publications  were  critically  examined  and 
analyzed.  Much  of  the  data  was  regrettably  in¬ 
complete  or  failed  to  comply  with  the  necessary 
requirements  for  a  satisfactory  test,  e.g. ,  the 
specimen  width  was  too  small  or  the  notch  root 
radius  too  large.  This  criticism  is  not  meant 
to  imply  that  the  testa  were  not  perfectly  ade¬ 
quate  for  the  purpose  for  which  they  were  in¬ 
tended.  The  remaining  data  were  averaged  for 
the  particular  steel  and  strength  level,  and  are 
presented  in  Table  2. 

It  will  be  observed  that  the  notch-toughness 
lavcl  i:  expressed  by  two  values: 

(a)  The  notch-strength  ratio  (notched 
tensile  strength/ultimate  tensile 
strength),  derived  from  tensile  teats 
on  notched  or  cracked  sheet  or 
rounds,  the  notch  root  radius  being 
less  than  0.  001  in. 


TABLE  1,  CHEMICAL  COMPOSITION  OF  SELJ:CTED  Ui^TRAHlGH-STRENGTH  STEELS 


Steel 

C 

Mn 

Si 

Class  (1) 


AISI  4340 

0.4 

0.  75 

0.  3 

300  M 

0.4 

0.  75 

i.e 

Airsteel  X-200 

0.4 

0.  85 

1.  5 

AMS  6434 

0.  36 

0.  7 

0.  3 

4137  Co 

0.4 

0.  7 

1.0 

MBMC  No.  1 

0.4 

0.8 

1.  7 

Class  (2) 

H-li 

0.4 

0.  35 

1.0 

Vascojet  1000 

D6Ac 

0.44 

0.8 

0.  2 

Composition,  per  cent 


Ni 

Cr 

Mo 

V 

Other 

1.  8 

0.  8 

0.  25 

1. 85 

0.  85 

0.  4 

0.08 

— 

-> 

2.0 

0.  5 

0.05 

— 

1.8 

0.8 

0.  35 

0.  2 

— 

-- 

1.1 

0.  25 

0.  15 

1. 0  Co 

>- 

0  8 

••  m 

0.05 

— 

— 

5.0 

1.  3 

0.  5 

«»«s 

0.55 

1.0 

1.0 

0.05 

Class  (3) 

1 8%  Ni  Maraging 
9  Ni  4  Co 


0.02  0.08 

0.44  0.3 


0.08  18.0 

0.  1  8.  5 


-•  4.  8 

0.  3  0.  3 


7.  5/9.  0  Co 
0.  1  4.  0  Co 


Class  (4) 


PH  1  5  -  7  Mo 
AM  355 


0.07  0. 5  0.  35 

0.14  0.7  0.3 


7.9  13.0  3.0 

4.3  15.5  2.75 


1.0  A1 


TAltUC  1.  tnUMAAT  OF  NarCH-TOOCaiMXH  DATA 


WtcA  lUtlo  Crttlcri  AtMH  IiMMltr  Factor.  Kg  -  1m1V~K 

Uittmu* 

Tnslla  TusU* 

Su«D(tli,  Atraaftk, 


aual 

poi 

300 

2S0 

240 

240 

khl 

300 

200 

240 

240 

ABl  4)40 

Shoot 

O.hS  (1) 

0.54 

0.43 

Ohaat 

... 

04(1) 

ZOO 

110  (1) 

Aouado 

.. 

1.04 

1. 12 

1.27 

PUte 

— 

35  (1) 

4.'  (1) 

57  (1) 

Cracko<l 

.. 

0.  34 

0.44 

— 

Aoaada 

[42]  (1) 

[41]  (1) 

— 

}00  M 

Shoot 

0.  37 

0.  SO  (1) 

0.70 

0. 42 

Shaot 

— 

133 

144 

— 

Cr&ckod 

0.  29 

0.40 

0.  5S 

0.55 

Aoaadc 

[75]  (1) 

[721 

[44]  (1) 

[70]  (1) 

Aittteal  X-ZOO 

asoot 

0.  27 

-- 

0.47(1) 

05* 

105 

90* 

125* 

fcoundo 

.. 

O.tl 

0.40 

Crookod 

.. 

o.ss 

Rottads 

(70)* 

[551* 

— 

[SO]* 

AM8  44)4 

Shoot 

_ 

0.4S 

0.S4 

Shcat 

>4i  (1) 

>120  (1) 

>120  (1) 

260 

Crachod 

0,  47  (1) 

0.  44  (1) 

0.44(1) 

0. 44 

[OZ]  (1) 

[»4l 

41)T  Co 

.. 

— 

— 

— 

[42] 

MBMC  No.  1 

Shoot 

0.35 

0.3S 

— 

Shaot 

740 

03*  r.) 

H-ll 

Shoot 

0.35 

0.  24 

0.44 

— 

Shoot 

20/100 

47 

40 

IOC  (1) 

Voscojot  1000 

Crachod 

0.  32 

0.  34 

0.35 

O.S4(l) 

134)  (1) 

D6  AC 

Shoot 

0.  30  (1) 

0.44  (1) 

0.44(1) 

0.44(1) 

Shoot 

77*  (1) 

112*  (1) 

40*  (1) 

130*  (1) 

Aoaada 

.V 

0.  74 

0.25  (1) 

1. 05 

Crachod' 

0.Mrd.  (1) 

0.75  rd.  (1) 

— 

1.00  rd.  (1) 

Aoaada 

144) 

[*7l 

[42',  (1) 

fSOJ 

m  Nl 

Shoot 

0.70 

0. 17 

0.40 

0.42 

Shoot 

175 

2170(1) 

140  (1) 

203*  (1) 

Maro|tec 

Plate 

1.40 

1.4S(1) 

Plate 

20/140 

213  0) 

m 

" 

CracAod 

0.  S3 

0.54(1) 

0.77  (1) 

0.01  (1) 

[071 

[04] 

[»5j 

4  Nl  -  4  Co 

Shoot 

[47]  (1) 

[M]  (1) 

[00]  (1) 

Plate 

[iioKD 

[112] (1) 

PH  IS  -  TMa 

Shoot 

— 

O.tO  (1) 

0.44(1) 

0.4S 

Shoot 

— 

— 

— 

77 

Crachod 

— 

— 

0.45(1) 

.25/.  71 

AM  IfiS 

Shoot 

0.41  (1) 

— 

0.04(1) 

(CA  4«%)  (CA  IM) 


•  laAlckto*  that  tha  Inetar*  toafkMaa  aalMa  vara  oWatoa4  iron  notel  i4  tfartmaaa  vhlch  kaA  aa*  kaaa  pra-crmckaA. 

(1 )  laiieaUa  «Aat  lAa  valwa  tahwUtaJ  la  ballavaA  U  ba  tka  raaott  at  a  ataf^a  teat  •  or  a  aiaall  aaoabar  at  teata  aaaAa  la  ooa  Uboratory  aa  a  atefU  haat. 
(  ]  laileatea  a  K|g  valaa. 

t  latlcatea  teat  tea  craebaA  NIA  ralaaa  vara  oMalaaA  Iron  raovi  apaclmana;  tea  rteaaiaAar  »  'ra  AarlraA  fraaa  teata  aa  abaal  afadaa'taa. 


(b)  The  critical  etresa  intenaity  factor 
(Kc  or  Kjc)  derived  from  tenaile  or 
bend  teita  on  pre-cracked  aheet  or 
rounda . 

No  data  from  V-notch  Charpy  impact  teata 
are  included  aince,  in  the  ultra high-atrength 
rauge^  the  teat  ia  inaufficiently  diacriminatory. 
Furthermore,  the  reaulti  obtained  from  email 
experimental  heata  were  neglecterl. 

Thvb  reaulta  of  the  ai<rvey  of  available  dnta 
were  neither  very  aatiafactory  nor  concluaivc. 
They  ahowed  the  expected  trend  of  decreaaing 
cotch  toughneaa  with  increaaing  tenaile  atrength 
(rigure  1),  though  « van  here  there  were  aome 
peculiar  inconaiatenciea,  preaumably  due  to 
compoaition  or  proceaaing  variablea  or  to  an  in- 
aufficient  nutnber  of  teata.  The  18%  Ni  mar  aging 
•teel,  which  haa  been  the  aubject  of  intanaive  in- 
veatigation,  ia  aaan  to  poaae*^  a  definite  auperi- 
orit>  over  the  earlier  ataala  (Figurea  1  and  2), 
and  ahould  obvioualy  be  of  particular  intereat  to 
the  deaigner  of  hlgh-etrangth  minir  oot-waight 
hardware.  The  more  recently  developed  9Ni- 
4Co  alloy  alao  appeara  to  have  deeirable 


characteriatica,  but  unfortunately,  ineufficient 
reliable  information  waa  available  to  the  writer 
for  a  more  accurate  aaaeaament.  The  behaviour 
of  the  remain!,  g  ultrahigh-atrength  ateela  ia 
far  from  conaiateni  and  variea  with  the  atrength 
level  and  parameter  conaidered.  The  beat  of  the 
group  would  appear  to  h.-  300  M  alloy,  and  the 
pooreat  H-11  (Vnacojet  1000)  and  MBMC  #1 
alloy  a. 

A  compariaon  of  the  ateela  ia  beat  obtained 
by  reference  to  thoae  ic:veatigationa  in  which  aim 
liar  teata  have  been  made  on  apecimena  of  the 
aame  form  cut  from  aheeta  of  the  aame,  or  ap¬ 
proximately  t*- -  aame,  thickneaa.  Eapey(^^)  haa 
atated  that  th  alloy  having  the  loweat  notch 
aenaitivity  variea  aomewhat  with  the  atrength 
level  conaidered,  and  haa  reported  the  auperior 
ity  of  300  M  and  D6AC  ateela  over  Vaacojet  1000 
at  a  yield  atrength  of  about  230  hai.  Davia^^^' 
haa  teated  a  number  of  ultra high-atrengih  ateela 
in  plate  form  (0.  3  in. )  and,  in  addition  to  con¬ 
firming  the  higher  frachtre  toughneaa  of  the  18% 
Nl  (250)  Mieel,  haa  ahown  D6AC  alloy  to  be 
auperior  to  H-11  alloy  at  a  atrength  level  of 
280  kai. 
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FIGURE  1.  NOTCH  STRENGTH  RATIO  VERSUS 
ULTIMATE  TENSILE  STRENGTH  FOR  SOME 
ULTRAHIGH-STRENGTH  STEELS 
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FIGURE  Z.  Kjc  VALUE  VERSUS  ULTIMATE 
TENSILE  STRENGTH  FOR  SOME  ULTRAHIGH- 
STRENGTH  STEELS 

M«Ua,  HIU,  and  MungeH*^)  comn«  -ed  lev- 
eral  of  th«  alloya  in  the  form  of  0.  080  In.  ahoot^ 
and  tentatively  claaaifiod  them  into  three  groupo 
in  terma  of  notch  atrength  and  fracture  tough* 
neaa.  The  moat  daairable  qualitiaa  were  ahown 
by  the  18%  Ni  alloy  (Croup  III);  the  9%  Ni  -  4%  Co 
alloy  (Group  11)  waa  aomewhat  ialmiior,  and  the 
older  aUoya,  ObAC,  4340,  300  M  and  H-U 
Group  I)  gave  the  lowcat  valuea,  Jonea(^^)  car¬ 
ried  out  a  aimilar  invaatigation  on  0.  180-inch 
apeclmena,  and  reportod  hia  reaulta  in  terma  of 
the  notcn  atrength.  At  a  atren^^th  level  of  280  kal, 
both  18%  Ni  and  9%  Ni  -  4%  Co  ateel  were  found  to 


be  superior  to  4340  (air-melt)  steel,  which  in  turn 
was  superior  to  H-1 1  s'eel.  An  additional  ob¬ 
servation  of  particul.^r  interest  was  t>  at  vacuum- 
melted  4340  steel  was  comparable  to  both  the  high 
nickel  steels,  which  raises  the  question  of  the 
importr.nce  of  processing  variables. 

EFFECT  OF  PROCESSING  VARIABLES 


As  the  design  requirements  of  the  various 
types  of  hardware  are  raised  and  the  alloys  have 
to  be  fabricated  to  meet  the  higher  strength 
levels,  the  beneficial  or  deleterious  effects  of 
processing  variables  tend  to  become  of  greater 
significance.  Those  variables  which  have  a  de¬ 
grading  influence  on  the  toughness  of  the  steel 
must  be  more  closely  controlled,  while  those 
which  appsa.r  to  be  advantageous  must  be  uti¬ 
lized  to  their  fullest  extent.  Processing  in  the 
present  context  covers  all  stages  of  the  manu¬ 
facture  of  the  steel  from  the  melt  to  the  finished 
stock,  sheet,  plate  or  bar,  and  includes  in  par¬ 
ticular,  melting  practice,  composition,  cold  or 
warm  reduction,  decarburization  and  banding. 
The  respectr*e  effects  of  these  variables  are 
outlined  below. 


Melting  Practice 

While  there  is  a  general  belief  that  melting 
under  vacuum  should  produce  a  superior  grad- 
of  steel,  due  to  a  reduction  in  gas  content  and 
nonmetallic  inclusions,  this  belief  is  not  con¬ 
sistently  substantiated  by  the  data  from  notch- 
toughness  tests  of  a  number  cf  alloys.  The  effect 
of  vacuum  melting  will  be  seen  to  vary  with  the 
alloy  composition  and  with  the  tensile  strength 
level,  and  is  not  always  beneficial.  The  results 
reported  by  Gilbert  and  Brown(^^^  for  AMS  6434 
alloy  are  typical  in  their  trend  of  those  obtained 
in  several  investigations  in  which  vacuum  melt¬ 
ing  produced  an  improvement.  The  net  fracture 
strength  of  transverse  centre  -notched  specimens 
was  increased  by  about  lOO  percent,  whereas  that 
of  longitudinal  specimens  was  increased  by  about 
50  percent.  The  marked  directionality  oi  the  air- 
melted  sheet  was  almost  completely  removed  by 
vacuum  melting. 

CottreU(^)  has  inveatigated  the  effect  of 
coriaumable  electrode  vacuum  melting  on  the  aur- 
face  atrair.  to  failure  in  a  wide  bend  test  using  s 
3%  Cr-Mo-V  steel  in  the  ultrs high-strength 
range.  He  reported  that  vacuum  melting  of  this 
steel  Increseed  the  tensile  strength  for  a  given 
surface  strain  to  failure  by  about  20  ksi. 

On  the  other  hand.  Reference  (I)  reporta 
somewhat  different  reaulta  obtained  with  9%  Ni  - 
4%  Co  steel.  Vacuum  rcmeltlng  reduced  the 
directionality,  b*it  geve  no  increaae  in  the  nomi¬ 
nal  notch  atrength  of  longitudinal,  centra - 
cracked,  aheet  apeclmena  (0.  08  and  0.  180  in. ) 
from  a  Si/Al  deoxidised  heat-  Vacuum  carbon 
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deoxid itioii  p'iicticf,  however,  resulted  ir.  a 
ngnificant  iniprovement  for  0.  ISO-mch  sheet  in 
the  lower  part  of  the  ultrahigh- strength  range. 

Additional  evidence  concrrning  the  effect  of 
vacuiiin  miilting  on  the  notch-f  trength  ratio  and 
the  fracture  toughness  of  several  steels  has  beeri 
compiled  in  Table  3. 

Referring  to  Table  3,  it  will  be  seen  that 
tlloys  H'l  1  and  300  M  showed  littie  improve¬ 
ment  with  vacuum  melting.  The  4340  steel  gave 
some  improvement,  particularly  with  the  vacuum 
induction  treatment.  The  18%  Ni  mar  aging  alloy 
and  AMS  6434,  also  showed  some  improvement, 
this  being  more  marked  at  the  290-ksi  level  for 
the  mar  aging  alloy. 

It  would  appear  that  the  case  for  vacuum 
melting  is  by  no  means  resolved.  While  it  can 
do  no  harm,,  its  general  effect  is  a  reduction  in 
direc*ionality  with  possibly  some  upgrading  of 
notch  toughness.  Since  the  latter  variies  with 
the  alloy  and  its  strength  level,  any  sjpecific 
application  would  have  to  be  considered  on  its 


merits,  and  the  controlling  factor  may  well  be 
the  economic  aspect. 

Compositio 

No  attempt  will  be  made  ,o  discuss  the  ef¬ 
fect  of  alloying  elements  in  detail,  but  some 
comments  may  be  of  interest  on  the  particular 
effects  of  variation  between  heats,  carbon  con¬ 
tent,  sulphur  content,  decarburization  and  purity. 
Campbell,  I^rone,  and  Mooni~*'  have  reported 
the  results  of  notch-toughness  tests  on  two  heats 
of  18%  Ni  steel  (300  grade),  one  being  a  low 
chemistry  heat  and  the  other  a  high  chemistry 
heat.  In  tlic  case  of  bar  stock,  the  former  gave 
a  notch  strength  ratio  (K^  =  12)  of  1.49,  and  the 
latter  gave  1.26.  In  the  case  of  0.  115  in.  sheet, 
the  former  gave  a  Kjj.  value  of  230  ksi  Vm7, 
whereas  the  latter  gave  119  ksi  >/in.  Melville 
carried  out  tests  on  surface-cracked  sheet 
specimens  from  three  heats  of  the  300-grade  ma¬ 
terial,  and  his  results  are  presented  in  Figure  3 
in  terms  of  net  strength  vs.  crack  length.  Though 
the  chemistry  was  similar,  the  difference  in 


TABLE  3.  EFFECT  OF  VACUUM  MELTING  ON  NOTCH  TOUGHNESS 


Stoiil 

Form  of 
Material 

Type  of 
Test- Piece 

Ultimate  Tensile 
Strength,  ksi 

Notch  Strength  Ratio  Kc  — 

kal  v^ln. 

Air  Melt 

Vacuum  Melt 

Air  Melt 

Vacuum  Melt 

Reference 

H-11 

0.  063  In. 

Edgeaotch 

250 

0.65 

0.  70 

120 

135 

17 

sheet 

300 

0.  24 

0.  26 

45 

45 

300  M 

0.  063  in. 

Edgenotch 

250 

0.40 

0.  50 

80 

95 

sheet 

300 

0.  26 

0.  31 

65 

78 

4340 

0.  180  in. 

Centre- 

280 

0.  31 

0.64* 

15 

■  heet 

cracked 

(0.  37) 

(0.  37) 

300  M 

0.  07  in. 

Centre- 

250 

0,37 

0.  33 

18 

sheet 

cracked 

300 

0.  37 

0.  36 

18%  NI 

0.  3  in. 

Kj  >  15 

260 

1.46 

1.  52 

19 

dla. 

290 

1.  06 

1.46 

18%  NI 

0.  3  In. 

>  10 

270 

vl.  39 

>1.45 

20 

dU. 

4340 

0.  067  in. 

Centre- 

285 

0,  35 

100 

21 

•heet 

cracked 

(0.24) 

(60) 

300 

0.  36 

108 

270 

0.  73  ’ 

220^ 

18%  NI 

0.  625  la. 

K(  >  10 

260 

(1.44) 

(1.44) 

22 

plate 

0.  5/1.0  U. 

Kj  >  10 

265 

(1.25) 

(1.43) 

plete 

0.  063  In. 

Kf  >  15 

275 

0.92 

0.96 

•heet 

AMS 

0.  063  in. 

Ceatre- 

250 

0.89 

0.97 

23 

8434 

•  heet 

crac ked 

(0.85) 

(0.  96) 

Notas  on  Tablo  3: 

*  Tlko  Individual  valwos  skowod  constdorablo  scattor- 

t  Tboso  valuos  apply  to  vacuum  laductloo  moltod  and  vacuum  luductloa  romoltod  koats;  th«  i  omilndsr 
apply  to  CeVM  haau. 

(  )  Valuos  la  poroBtlMsos  art  for  traasvoroo  opoclmono;  tbo  romaiador  aro  oaooatlaUy  lor  loaglludlaal  opoclmons. 
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fracture  toughness  behaviour  is  readily  apparent. 
An  inspection  of  the  individual  analyses  revealed 
some  correlation  with  nickel  only,  the  respec¬ 
tive  contents  being  18.63%,  18  43%,  and  17.80%. 


•  t.ll  <.H  t.M  «.M  •.«» 

ouci  uson.  oRm 
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Q  •  Stitr  !.«.  140  mCB  TU'IBIM 

FIGURE  3.  PELATIVE  CRACK  RESISTANCE  OF 
THREE  MARAGING  STEEL  HEATS<2®) 


As  regards  the  effect  of  carbon  content,  it  is 
generally  accepted  that  the  toughness  increases 
as  the  carbon  percentage  is  reduced,  and  the 
lower  limit  of  carbon  is  usually  determined  by 
the  yield  strength  requirement.  Cottrell, 
Langstone,  and  Rendall(^^)  have  investigated  the 
effect  of  carbon  content  on  the  toughness  of  a  1% 
Cr-Mo  steel  of  ultrahigh  purity.  As  the  car¬ 
bon  content  was  increased  from  0.  30%  through 
0.37%  to  0.  44%,  both  the  Charpy  energy  ab¬ 
sorbed  and  the  biaxial  ductility  in  a  wvde  bend 
decreased.  Klier's(^^)  findings  from  edge- 
notch  tensile  tests  on  a  series  oi  '  3xx 
(V-modified)  steels  were  similar.  Espey  and 
his  co-workers(^^> made  sn  extensive  study 
of  the  sharp-edge -notch  characteristics  of  H-ll 
and  300  M  sheet  steel  (0.  063  in.  ).  The  notch 
strength  ratio  for  the  3'JO  M  alloy  in  the  ultra- 
’  igh-strength  range  decreased  steadily  for  a 
given  tensile  strength  with  increasing  levels  of 
carbon  (0.  28%,  0.  34%,  0.  40%,  and  0.  46%),  m 
agreement  with  the  results  quoted  above.  The 
results  obtained  with  the  H-ll  alloy,  however, 
were  quite  the  reverse,  the  ratio  increasing 
with  increasing  carbon  (0.23%,  0.26%,  0.29%, 

0.  39%,  and  0.43%).  The  effect  was  less  pro¬ 
nounced  and  tended  to  fade-out  at  0.  39%  C. 

This  behaviour  was  confirmed  by  Hamake,  and 
Vater(^^)  with  Charpy  impact  tests  on  an  H-ll 
type  alloy,  and  it  appears  that  the  alloy  is  in 
exception  to  the  general  rule. 

High  sulphur  and  phosphorus,  as  in  other 
steels,  arc  detrimental  to  the  properties  of  the 


18%  Ni  maraging  alloys  (ref.  1).  The  Charpy 
value  for  the  250  grade  was  reduced  from 
20  ft-lb  at  a  level  of  0.  002%  S  to  10  ft-lb  at  the 
0.  014%  S  level.  Wei{30)  recently  reported  the 
results  of  plane-strain  fracture-toughness  tests 
on  a  series  of  AISI  4345  steels  containing  four 
levels  of  sulphur  and  prepared  by  carefully  con¬ 
trolled  melting  procedures.  The  Kje  value 
(Figure  4)  increased  steadily  as  the  sulphur 
CO  itent  was  reduced  from  0.  049%  to  0.  008%, 
at  all  ultrahigh^strength  levels.  It  is  of  inter¬ 
est  to  note  that  the  same  reference  confirmed 
that  silicon,  though  increasing  the  tempering 
resistance  of  these  steels,  does  not  yield  im¬ 
proved  fracture  toughness  at  a  given  strength 
level. 


HGURE  4.  EFFECT  OF  SULPIiUR  LEVEL  ON 
CHARPY-V  ENERGY  ABSORBED 
AT  ROOM  TEMPERATURE— 

AlSi  4745  steel!  30) 


Surface  decarburiaation,  tliough  generally 
regarded  as  a  deleterious  influence,  has  been 
found  to  give  a  striking  improvement  in  the 
fracture  toughness  behaviour  of  certain  steels. 
Nevertheless,  it  must  be  remembered  that 
decarburisation  can  be  quite  harmful  to  the 
fatigue  properties  of  ultrahigh-strength  steels, 
ai.d  its  usefulness  in  any  particular  application 
will  depend  upon  the  extent  to  which  the  hard¬ 
ware  is  subject  to  cyclic  or  repeated  loading  in 
service.  Warke  and  Elsea^^U  have  prepared  a 
comprehensive  review  of  the  subject  to  which 
reference  should  be  made  lot  detailed  informa¬ 
tion.  Figure  5,  based  on  an  investigation  by 
Manning,  Murphy,  Nichols,  and  Caine(32), 
shows  the  marked  increase  in  burst  strength  of 
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12  in.  diamc'.er  pressure  vessels,  of  X~200, 

300  M  and  MBMC-1  steels  with  ar  increase  in 
depth  of  decarburization  from  0.  003  to  0.  015  in. 
The  increase  was  accompanied  by  a  reduction  in 
the  tensile  strength  of  about  30  ksi.  The  re¬ 
viewers  also  report  that  Pratt  and  Whitney  rec¬ 
ommend  decarburization  for  solid-propellent 
rocket-motor  cases  of  H-11,  D6AC,  and  300  hi 
alloys. 


Otpth  of  Oacortwritotion ,  lnc^  p«'  lid* 


FIGURE  5.  EFFECT  OF  DEC/JIDURIZATION 
ON  BURST  STRESS  AND  TENSI’.E 
strength(3i) 


Similar  results  have  been  reported  by 
Cottrell  and  Turner(^^),  and  Langstone(^^)  from 
burst  tests  on  17  in.  diameter  tubes  and  motor 
cases  of  RS  140  (3%  Cr-Mo-V)  steel.  The 
strength  level  of  the  material  was  in  the  lower 
part  of  the  ultrahigh-strength  range  and  the 
depth  of  decarburization  varied  from  0.  001  in. 
to  0.  008  in.  The  results  were  expressed  in 
terms  of  the  burst  hoop  stress/tensile  strength 
ratio,  and  the  consistently  beneficial  effect  of 
the  decarburisation  was  cv  dent  in  all  tests,  but 
more  particularly  for  the  motor  cases,  where 
biaxial  ductility  is  important.  According  to 
Langstone,  the  surfaces  of  motor  cases  made  by 
Bristol  Aerojet  Ltd.  ,  are  partially  decarburized 
during  heat  treatment. 

Sheehan  and  Manning(^^)  have  measured  the 
fracture  toughness  of  X-200  sheets,  from  ex¬ 
perimental  heats  containing  four  levels  of  car¬ 
bon,  by  means  of  the  centre-notch  tension  test, 
and  have  studied  the  effect  of  surface 


decarburization.  They  concluded  for  this  mate¬ 
rial  that  dec^’^burizatic”  was  beneficial  only 
insofar  as  it  decreased  the  -'eld  strength,  and 
that  above  Z^O  ksi,  the  fracture  ..oughness  was 
poor  even  though  the  sheet  was  decarburized. 
Nevertheless,  it  might  still  be  better  than  that 
of  the  undecarburized  material. 

In  general,  therefore,  it  may  be  said  that 
decarburizaiion  should  be  advantageous  for  such 
items  as  rocket-motor  cases,  but  should  be 
applied  with  caution  to  items  such  ,  s  landing 
gear  until  further  inforr\iation  as  to  its  effect  on 
the  fatigue  properties  is  available. 

Thermomechanical  Treatmant 

Thermo  mechanical  treatment  in  the  pres¬ 
ent  context  is  intended  to  cover  those  processes 
which  result  in  metal  reduction  at  low,  room, 
or  elevated  temperatures,  e.g.  ,  cold-rolling, 
marforming,  ausforming.  The  majority  of  the 
information  available  on  the  effects  of  cold¬ 
rolling  was  developed  in  connection  with  liquid - 
propellent  rocket  tanks  or  the  skin  for  a  super  ¬ 
sonic  transport,  aod  relates  to  a  variety  of 
stainless  steels.  In  general,  however,  the 
strength  level  at  :oom  temperature  of  the  ma¬ 
terials  investigated  is  below  the  lower  lin-ut  of 
the  ultrahigh»strsngth  range  and  in  several 
cases  the  notch  was  insufficiently  sha  .  l  .  Ap- 
propr-late  data  for  several  stainless  u  >•  els  were 
presented  in  Table  4. 

It  will  he  notea  that  the  notch  strength 
ratios,  bared  on  edge-notch  testo,  are  remark¬ 
ably  high,  even  at  the  280  ksi  level.  Alloys 
AM  350  and  355  appear  to  be  closely  compar¬ 
able  and  somewhat  superior  to  AlSl  301,  in 
which  directionality  is  more  pronounced  as 
shown  by  the  transverse  r.  cched  tests.  More 
recently,  test  results  were  reported  by  Alper(^®) 
for  cr-yogenically  stretch-formed  AlSl  301. 
Fourteen-in. -diameter  sphjrical  pressure  ves¬ 
sels,  stretched  at  -320'’ F  with  cr  without  aging, 
gave  an  increase  in  burst  strength  at  -320  F  of 
more  than  25%.  The  technique  obviously  shows 
promise  for  the  lightweight  cryogenic  pressure 
vessel  field. 

The  effect  of  cold  rolling  has  also  been 
studied  on  18%  Ni  mar.aging  steel,  although  here 
it  is  called  marforming  and  is  carried  out  be¬ 
tween  the  annealing  and  aging  treatments.  The 
results,  however,  are  contradictory.  Decker, 
Eash,  and  Goldman(^^^  made  tests  on  small  ex¬ 
perimental  heats  with  50%  marforming,  and  re¬ 
ported  an  increase  in  yield  strength,  tensile 
strength,  and  notch  strengtli  with  a  sUght  increase 
in  tne  notch  strength  ratio.  The  figures  they  re¬ 
ported  for  the  value  of  50%  marformed  sheet, 

0.  039  in.  to  0  079  in. ,  ware  also  relatively  high, 
ranging  from  170  to  >244  ksi  >/In.  Data  given  in 
Refer  ce  22,o.i  the  other  hand,  indicates  a 
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TABLJ:  4.  NOTCH  TOUGHNESS  OF  COLD-ROLLFD  STAINLESS  STEEL  SHEET 


Steel 

Thickneaa, 

inch 

Cold 

Reduction, 
per  cent 

Direction 

0,  2%  Yield 
Strength, 
kei 

Ultimate 
Tenaile 
Strength,  ksi 

Notch 

Strength 

Ratio 

Type  of  Refer- 
Teat  ence 

AM  355 

0.025 

15^+ 

L 

255 

256 

0.  86 

Edge-notch  36 

T 

255 

265 

0.  64 

0.  024 

20^+ 

L 

218 

239 

1.  01 

T 

186 

233 

0.  95 

0.  024 

30++ 

L 

257 

262 

0.  98 

T 

243 

281 

0.86 

0.  026 

35++ 

L 

286 

289 

0.  96 

T 

258 

286 

0.  80 

0.  024 

40++ 

L 

289 

294 

0.  91 

T 

270 

297 

0.  71 

AISI  301 

0.  025 

50 

L 

215 

220 

1. 00(.  73) 

Edge-notch  37 

(CEVM) 

60 

t» 

230 

235 

0.  87(.64) 

70 

tt 

245 

255 

0.  84(,  59) 

80 

tl 

270 

275 

0.  57(.  33) 

AISI  301 

0.  063 

70 

L 

220 

250 

0.80 

Edge-notch  38 

T 

220 

265 

0.  64 

AISI  301 

0.  063 

70 

L 

218 

248 

0.  81 

Edge-notch  36 

T 

220 

261 

0.  45 

0.  031 

70 

L 

260 

>263 

<0.  72 

T 

-- 

287 

0.  37 

AISI  301 

0.  043 

67 

1 

249 

264 

0.  56 

Centre-crack  21 

T 

264 

288 

0.  26 

u7* 

L 

268 

280 

0.  65 

T 

299 

315 

0,  22 

AM  350 

0.  025 

30+ 

L 

239 

245 

1.  04 

Edge -notch  39 

(CEVM) 

T 

222 

244 

0,  94 

30^ 

L 

241 

243 

1.  07 

T 

228 

247 

0.  94 

45+ 

L 

274 

280 

0.  98 

T 

274 

280 

0.  82 

i.  L  =  longitudinal;  T  =  tranavarag. 

Z.  Figurec^  in  parentheaia  refer  to  tranaverae  teata. 
*  Aged  at  750*F  for  8  hr. 

Aged  at  825*F  for  3  hr. 

4  Aged  at  700*F  for  3  hr. 

Aged  at  800*F  for  3  hr. 

ateady  reduction  in  the  value  for  0.  1  IS  in. 
aheet  aa  the  degree  of  marfortning  increaaea 
from  0  to  .<0%  for  both  the  2S0  and  300  grade. 

Reference  ZZ  alao  reporta  the  effect  of  S0% 
hot-working  in  the  auatenitic  range,  followed  by 
quencning,  on  the  notch  atrength  (centre-crack 
apecimena)  of  9%  Ni  -  4%  Co  etcel  aheet.  When 
tempered  at  400  T,  the  yield  -'nd  tenaile 
atrengtha  in  both  directiona  and  the  longituainal 
notch  atrength  increaaed,  b.,t  the  tranavcree 
notch  atrength  decreaaed.  Mataa,  Hill,  and 
Mui.4  er(^^l  report  a  aimiLtr  effect,  though  no 
detaila  are  given.  ,4ftcr  the  above  treatment, 
teniilc  atrengtha  aa  high  aa  370  kai^  were  ob¬ 
tained  with  a  value  of  i  SO  kei  v^n.  The 
tranaverae  fracture  toughneaa  waa  abated  to  be 
only  70-80%  of  the  longitudir..it  value,  but  it 
would  appear  that  the  proceaa  ahould  have  acme 
■  peciahaed  applicationa.  Kula  and  Dho*?(41) 


have  applied  the  treatment  to  SAE  4340  ateel 
plate,  tempered  at  450  F,  and  found  a  corrj- 
aponding  improvement.  Reductiona  up  to  50,,  u. 
ISSO  F  had  no  effect  on  the  tenaile  atrength, 
but  tended  to  raiae  the  Charpy  energy  abaorbed 
va.  temperature  curve  and  tranalate  it  in  the 
direction  of  lower  temperaturea .  Unfortunately, 
no  data  on  the  notched  or  cracked  teiiaile 
atrength  are  available  for  comparieon. 

The  effect  of  mar-atraining,  in  which  the 
quenched  and  t-rmpered  ateel  it  plaatirally de¬ 
formed  and  aubsequenfiy  re-tempered  or  aged, 
waa  inveatigated  by  R.  E.  Yount(4^)  with  regard 
to  its  poaaiblc  uae  for  aolid- propellent  rocket- 
motor  caaea.  Centre-nc^ch  tenaion  teata  were 
made  on  two  alloya,  D6AC  and  modified  S-S 
(.  ^  C,  1.8  Si,  .  5  Mo,  .25  V)  in  the  form  of 
aheet.  In  all  carea,  the  apecimen  blanka  were 
prc-atraincd  up  to  1 . 0%  and  aged  before  notching. 
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Results  for  both  steels  shosred  that  0.  2%  mar- 
strain  lowered  the  K<.  value  to  about  90  ksi  >^n. , 
but  that  this  value  remained  substantially  un¬ 
changed  up  to  1. 0%  mar-strain.  Yount  states 
that  this  value  is  still  higher  than  that  of  H-11 
steel,  which  has  been  siiccessfully  used  in  pres¬ 
sure  vessels.  Furthermore,  the  pre-straining 
process  would  be  expected  to  reduce  the  effects 
of  sub-critical  defects  already  present  in  the 
material  by  the  addition  of  compressive  stresses 
and/or  notch  blunting.  Tests  were  also  made 
on  6  in.  diameter  cylinders  from  ring  forgings, 
pre-strained  by  pressurizing,  and  then  aged. 

The  burst  strengths  for  both  alloys  were  equiva¬ 
lent  to  the  tensile  strength  '>f  the  m.ir -strained 
material,  the  highest  value  obtained  being 
362  ksi. 

Similar  results  were  reported  by 
Steigerwald(^^)  fr  >m  edge  notch  and  centre- 
crack  tests  on  H-il  sheet  (UTS  290  ksi)  after 
warm  pre-stressing.  In  thia  treatment,  the 
specimen  blanks  were  pre-stressed  at  various 
levels  at  80  F  or  600  F  before  notching  and 
testing  at  toom  temperature.  The  results 
showed,  as  above,  a  general  decrease  in  the 
notch  tensile  strength,  independtnt  of  the  pre¬ 
stressing  temperature  and  rrore  ma.-Ved  as  the 
pre-stress  level  was  raisea.  Similar  tests, 
however,  made  on  specimens  pre-stressed  after 
notching  showed  a  beneficial  effect  which  tended 
to  increase  with  the  pre-stress  level.  The  in¬ 
crease  appeared  to  be  limited  only  by  the  notch 
strength  at  the  pre-stressing  temperature.  A 
much  smaller  improvement  was  observed  in 
tests  on  another  steel,  300  M  alloy,  presumably 
due  to  its  low  notch  strength  at  the  pre-stressing 
temperature  (550  F).  The  investigator  pointed 
out  that  the  treatment  was  most  effective  when 
applied  to  materials  of  fairly  high  notch  sensi¬ 
tivity;  H~l  1  steel  at  a  lower  strength  level  was 
less  improved.  Its  principal  application  would 
appear  to  be  to  hardware  containing  local  poten¬ 
tial  trouble-spots,  such  as  welds  with  micro¬ 
cracks. 

Before  leaving  this  section,  some  reference 
should  be  made  to  the  effect  of  banding  which 
may  be  found  in  roi.ed  products  and  has  been 
particularly  prevalent  in  the  18%  Ni  steel.  Frac¬ 
ture  toughness  testa  on  the  250  grade  have  get  - 
erally  given  higher  values  (about  30%)  from 
surface-crack  specimens  than  from  edge  or 
centre-crack  specimens.  To  investigate  this 
effect  further,  Pellissicrt^^)  carried  out  single¬ 
edge-crack  tests  on  0.  14  in.  thick  specimens 
cut  from  1-1/8-in.  plate  in  four  principal 
orientations.  The  orientatiors ,  with  respect  to 
the  rolling  direction,  and  the  average  C{(-  values 
obtained  are  shown  in  Fig  ere  6.  The  Oj^-  values 
in  the  !•  igituf^ini and  transverse  (B)  direc- 
tione  are  closely  similar,  but  the  value  for 
the  C  orientation,  simulating  the  surface-crack 
specimen,  is  about  25%  greater.  The  much 


lower  toughness  observed  in  the  D  orientation 
demonstrates  the  harmful  effect  of  banding  in 
those  conditions  under  which  a  crac’t  can  develop 
in  the  plane  of  the  bands.  This  deleterious 
effect  must  obviously  be  taken  into  account  in 
any  application  involving  material  which  is  known 
to  be  subject  to  banding.  Pellissier  also  re¬ 
ported  that  the  banding  could  be  esnentially  elim¬ 
inated  by  annealing  at  2300  F  for  16  hours  prior 
to  heat  treatment.  Unfortunately,  homogeniza¬ 
tion  reduced  the  longitudinal  notch-tensile 
strength  of  round  specimens  from  319  ksi  to 
253  ksi. 

ORIENTATION  6,c  ,lpsi 
A  245 

B  230 

C  310 

D  ISO 


FIGURE  6.  FFFECT  OF  ORIENTATION  ON 
Gjc  VALUE  -  18%  Ni  STEEL(<^) 

EFFECT  OF  ENVIRONMENT 

Fracture  mechanics  concepts  provide  the  de¬ 
signer  with  a  relationship  between  defect  or  crack 
eiae  and  the  stress  at  the  moment  of  catastrophic 
failure.  The  slow  growth  of  the  original  defect  to 
ite  critical  value  is  obviously  s  matter  of  some 
importance,  and  several  investigations  have  been 
carried  out  to  ehed  some  light  on  the  effect  of  the 
environment  on  this  problem.  The  time- 
dependent  delayed  failure  of  rocket-motor  cases 
at  constant  pressure  when  exposed  to  aqueous 
environnicnto  led  Steigerwald(^^)  to  examine 
their  effect  on  centre-crack  specimenc  of  300  M 
and  H-1 1  sheet  (UTS  290  ksi).  At  about  85%  of 
the  notch  tensile  strength,  failure  did  not  occur 
in  100  hours  with  300  M  steel  and  no  liquid  en¬ 
vironment.  The  same  steel  in  the  presence 
squeous  solutions  of  differsnt  pH  values  (4.  8  to 
9.  0)  gave  failures  in  a  matter  of  minutes;  non- 
squeous  solvents  and  lubricating  oil  sxtended 
the  tune  required  considerably.  H-11  tool  eteel 
gave  similar  results  in  distilled  water.  One 
other  observation  of  interest  was  that  tha 
value  remained  constant  ovsr  the  delayed  fail¬ 
ure  range. 
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Saperstein  and  White  a  on  and  Bennett^'^^) 

reported  the  reau'ts  of  fracture  toughness  teats 
on  cracked  sheet  specimens  of  4340  steel  in 
distilled  water.  Delayed  failure  was  again  ob¬ 
served^  due  to  slow  crack  growth^  within  30 
minutes  at  stresses  as  low  as  40%  of  the  tensile 
strength.  The  latter  author,  however,  reported 
satisfactory  behaviour  in  oil  saturated  with 
water.  Saperstein  and  Whiteson  made  compari¬ 
son  tests  on  18%  Ni  maraging  steel  and  demon¬ 
strated  its  clear  superiority  on  the  basis  of  30 
minutes  exposure,  to  stresses  over  90%  of  the 
net  fracture  stress  in  air.  Similar  results  for 
4340  steel  sheet  (UTS  265  ksi)  in  distilled  water 
have  been  presented  by  Yen  and  Pendleberry(^®) 
who  showed  that  the  gross  strength  was  propor¬ 
tional  to  the  logarithm  of  the*  holding  time  for  a 
given  initial  shallow-crack  length. 

Tiffany  and  Masters(^^)  recently  reported 
the  results  of  sustained-load  tests  on  welded 
shallow-crack  specimens  of  18%  Ni  steel  plate  in 
a  water  environment.  Little  effect  was  ob¬ 
served  with  the  base  metal  up  to  100  hours,  but 
the  initial-to-critical  stress  intensity  ratio  de¬ 
creased  rapidly  with  holding  time  in  the  weld 
metal.  Tests  on  notched  bar  specimens  of 
17-7  PH  also  showed  only  a  small  effect  of  a  wet 
environment  on  slow  crack  growth,  but  data  for 
surface-crack  specimens  of  4330  M  steel  showed 
a  significant  effect  and  indicated  a  threshold 
stress  intensity  level  of  about  30%  of  the  critical 
value . 

Slow  crack  growth  is  also  effected  by  cyclic 
loading,  and  the  combined  effect  of  water  vapour 
plus  repeated  loading  on  the  fracture  toughness 
of  4340  steel  (UTS  260  ksi)  has  been  studied  by 
Van  der  Sluys(S^).  Tests  were  made  on  pre¬ 
cracked  round  specimens  in  an  argon  atmos¬ 
phere  containing  various  amounts  of  water 
vapour .  The  data  indicated  that,  though  the 
presence  of  moisture  only  reduced  G^c  slightly, 
there  was  an  increase  in  slow  crack  growth  with 
increasing  humidity.  The  addition  of  cyclic 
loading  produced  a  further  increase.  When  the 
results  were  compared  on  the  basis  of  the  stress 
required  to  -ause  either  3lo\/  cracl;  growth  or 
failure  in  less  than  100  cycles,  it  was  found  that 
a  condition  of  100%  relative  humidity  reduced 
the  "dry"  stress  level  by  nearly  50%. 

Additional  confirmation  of  the  effect  of 
moisture  is  provided  by  the  work  of  Tiffany  and 
LorenzC^U  on  D6AC  steel  plate.  The  endurance 
of  pre-cracked  round  specimens  under  cyclic 
loading  was  reduced  by  a  fact.>r  ofmore  than  ten 
in  an  atmosphere  of  high  humidity.  As  above, 
they  too  reported  no  significant  effect  of  moisture 
on  fracture  toughness. 

Although  the  data  are  still  relatively  sparse, 
it  is  evident  that  the  environment,  in  particular 


water  or  water  vapour,  can  have  a  profound  effect 
on  alow  crack  growth,  more  so  with  some  alloys 
than  with  others.  The  designer  must  therefore 
pay  due  attention  to  this  factor,  whether  his  hard¬ 
ware  is  subject  to  sustained  or  to  cyclic  loading 
conditions. 

EFFECT  OF  LOADING  RATE 

Even  less  experimental  information  is  avail¬ 
able  on  the  effect  of  loading  rate  on  the  toughness 
of  ultrahigh- strength  steels,  which  are  not  gen¬ 
erally  regarded  as  being  strain-rate  sensitive. 
Since  the  hardware  may  be  exposed  to  high  load¬ 
ing  rates  due  to  shock  or  impact,  this  is  a  matter 
of  considerable  importance  and  merits  further 
investigation.  Srawley  and  Beacbem(^^)  carried 
out  centre-crack  tests  on  a  martensitic  stainless 
steel,  422  M  (UTS  250  ksi),  over  a  range  of  tem¬ 
peratures.  With  rapid  loading,  from  500  to 
1000  X  normal  rate,  the  net-fracture-stress 
transition  temperature  (NFSTT)-was  hardly  af¬ 
fected.  Below  the  NFSTT  (e.  g.  ,  at  room  tem¬ 
perature)  however,  the  net  fracture  stress  was 
lowered  slightly,  while  above  the  NFSTT,  it  was 
raised  (Figure  7).  Additional  work  by  the  same 
investigators,  reported  by  Marschalll^^), 
showed  a  greater  decrease  (about  43%)  in  the  net 
fracture  streso  at  room  temperature  for  a 
higher  strength  steel  (UTS  290  ksi).  The  rapid 
loading  rate  was  from  200  to  300  X  normal  rate; 
other  details  were  not  available. 


Test  Temperature , 

FIGXJRE  7 .  EFFECT  OF  .IX>ADmG  RATE  ON 
NET  FRACTURE  STRESS  TRANSITION 
TEMPERATURE  -  422  M  STEEL^^^) 

A  few  test  results  were  presented  by  Raring 
et  al(39)  for  AM  355  stainless  steel  sheet 
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(UTS  230/240  ksi).  The  specimens  were  large | 
centre-notch  panels,  24  in.  wide  with  an  8  in. 
notch,  and  the  loading  time  varied  from  0.  2  to 
200  sec.  For  tests  lasting  between  2  and  200 
sec,  the  net  fracture  stress  and  showed  little 
effect  of  loading  rate,  but  at  the  higher  rates 
both  values  decreased,  about  25%  and  40%, 
respectively. 

Some  tests  reported  by  Yen  and 
Pendlebe  r  ry  )  on  shallow-crack  specimens  of 

4340  steel  sheet  (UTS  265  ksi)  indicated  a  simi¬ 
lar  effect.  Two  series  of  tests  were  carried 
out  with  three  crack  lengths  at  stress  rates  of 
100  and  12  ksi/min.  Tests  at  the  slower  rale 
gave  consistently  higher  values  of  the  fracture 
strength,  though  the  effect  was  slight  (maxi¬ 
mum  3%). 

Evidence  for  an  improvement  in  notch  tough¬ 
ness  due  to  rapid  loading  was  given  in  refer¬ 
ence  22,  in  which  the  results  of  determina¬ 
tions  were  presented  for  4340,  D6AC  and  18%  Ni 
(250  and  300  grade)  alloys.  The  tests  were 
made  at  strain  rates  of  0.  00005,  0.  05  and  0.  15 
in. /in.  /sec.  At  the  two  lower  rates,  the  G^ 
values  for  each  steel  were  closely  comoarable. 

At  the  highest  rate,  the  4340  and  06AC  values 
showed  no  change,  whereas  the  18%  Ni  values 
showed  a  marked  increase. 

In  the  present  st..te  of  the  art,  it  would 
appear  that  materials  for  hardware  for  whicn 
high  strain  rates  are  a  service  condition  or  a 
potential  hazard  should  preferably  be  evaluated 
under  comparable  loading  rates.  Failing  this, 
some  additional  factor  of  safety  might  well  be 
incorporated. 

TESTS  ON  TYPICAL  HARDWARE 


Having  reviewed  the  available  notch  tough¬ 
ness  data  and  die  seed  the  effects  of  some  of 
the  more  important  parameters  ,  it  is  desirable 
to  pay  some  attention  to  the  results  of  tests  on 
actual  or  sub-scale  hardware  before  considering 
the  question  of  design  requirements.  The  great 
majority  of  the  data  in  the  literature  relates  to 
internal  pressuie  tests  on  tubes,  cylinders  or 
spheres,  and  a  summary  of  the  results  for  ultra- 
high  strength  steels  is  presented  in  Table  5. 


(100  ksi)  was  obtained  with  a  welded  12-inch  di¬ 
ameter  vessel  of  X-200  steel.  Unfortunately, 
the  literature  is  not  always  too  clear  regarding 
the  method  of  manufacture,  but  at  least  three 
alloys,  300M,  D6AC,  and  18%  Ni,  gave  burst 
stresses  exceeding  300  ksi  when  welding  was 
involved. 

The  majority  of  the  results  are  shown 
plotted  in  Figure  8  in  terirs  of  hoop  burst 
stress/yield  strength  ratio  versus  yield  strength. 
The  plot  is  very  similar  to  that  presented  by 
Manning  et  alO^),  and  confirms  their  conclusion 
that  satisfactory  performance,  burst  stress 
exceeding  yield  strength,  can  be  expected  for 
pressure  vessels  fabricated  from  steels  with 
yield  strengths  up  to  220  ksi.  The  sole  ex¬ 
ceptions  to  this  conclusion  are  two  results  for 
the  3Cr-Mo-V  alloy.  Above  a  yield  strength 
of  220  ksi,  the  scatter  becomes  most  pro¬ 
nounced,  and  the  only  alloy  giving  consistent 
satisfactory  performance  is  the  18%  Ni  marag- 
ing  steel.  It  is  in  this  range  that  methods, 
previously  discussed,  for  improving  the  notch 
toughness  might  most  efficiently  be  employed. 
For  example,  the  pre-straining  of  vessels  of 
Mod.  S-5  and  D6AC  steels  in  all  cases  gave 
burst  stress/yield  strength  ratios  greater  than 
one  at  yield  strengths  well  above  220  ksi.  Sim¬ 
ilar  experiments  with  301  vessels  were  not 
quite  as  effective. 


Considering  first  the  hoop  burst  stress  data, 
it  is  apparent  that  values  in  excess  of  300  ksi  can 
be  obtained  with  a  number  of  ultrahigh- strength 
alloys  (MBMC  No.  1,  Mod.  S-5,  D6aC,  3C0  M, 
H-11  and  18%  Ni)  in  vessels  ranging  from  3-1/2 
in.  to  24  in.  diameter.  The  highest  values  re¬ 
ported  are  354  ksi  for  a  9-1/2  in.  diameter 
veasel  of  H-11  steel  with  slight  decarburization, 
and  362  ksi  for  a  6  in.  diameter  vessel  of  Mod. 
S-5  steel,  pre-strained  0.  30%  and  prc-cycled. 

At  the  other  end  of  the  scale,  the  lowest  value 


FIGURE  8.  BURST  STRESS/ YIELD  STRENGTH 
VERSUS  YIELD  STRENGTH  FOR  PRESSURE 
VESSELS  OF  ULTRAHIGH- STRENGTH  STEEL 

It  is  interesting  to  note  that  the  beneficial 
effects  reported  for  a  small  amount  oi  surface 
decarburiaation  on  notch  tonsils  specimens  are 
confirmed  by  burst  teste  on  actual  vessels.  It 
has  been  suggested  that  decarburiaation  is 
beneficial  only  in  ao  far  as  it  reduces  the  yield 
strength,  and  there  ia  considerable  evidence  to 
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TABLl.  i.  SUMMARY  OF  RC8ULTS  OF  BURST  ICSTS  ON  PRESSURE  VESSELS 


0.2* 

Ulkinint* 

ThicL- 

riaU 

TaaaUa 

1C 

Torn  oi 

Stranslk, 

Strangtb, 

e' 

Hoop  Bar«k 

Sta«l 

Sp«clm«a 

in. 

kai 

kcl 

k.lVm 

Str*»*p  k*i 

AISI 
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TABLE  S.  (CoBtlnu«a) 
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support  this  argument.  The  results  of  the  burst 
tests  on  3Cr-Mo-V  steel  vessels(^^),  however, 
are  directly  contradictory.  The  small  amount  of 
decarburisation  (0.  003/0.  004  in.  )  had  little  ef¬ 
fect  on  the  yield  strength,  admittedly  somewhat 
low,  but  a  significant  effect  on  the  burst  stress 
of  17  in.  diameter  cylinders. 

Table  5  also  gives  results  obtained  from 
burst  tests  of  pre-cracked  vessels  of  a  number 
of  alloys.  These  tests  were  essentially  carried 
out  in  one  laboratory(^^)  on  3-1/2  in.  diameter 
cylinders  of  draw-and-spin  manufacture,  and 
were  supplemented  by  determinati.  s  from 
centre-cracked  tensile  tests.  The  results  for 
both  uncracked  and  cracked  cylinders  are  shown 
plotted  in  Figure  9  in  terms  of  burst  hoop  stress/ 
yield  strength  versus  Kj^.  value.  The  data  for 
the  uncracked  vessels  suggest  that  a  Kj^.  value  of 
45-50  ksi  v^.  is  required  to  give  a  burst  stress 
exceeding  the  uniaxial  yield  strength.  In  the 
presence  of  a  1/4  in.  crack,  which  presumably 
would  not  escape  detection  but  might  develop 
during  service,  a  value  of  about  60  ksi  Viii. 
would  probably  give  a  burst  stress  within  10%  of 
the  yield  strength. 


yield  strength.  Apart  from  showing  the  discrim¬ 
inatory  nature  of  the  test,  the  -esults  do  not 
warrant  any  further  conclusions. 

The  Kc  and  NSR  data  were  obtained  from 
series  of  tests  on  specimens  taken  from  burst 
vessels  of  AISI4130,  M’JMC  No.  1,  X-200, 

300  M  and  H-11  steels,  carried  out  in  one  Uho- 
ratory(32).  The  results  are  shown  plotted  i'l 
terms  of  hoop  burst  stress /yield  strength  ratio 
versus  K^.  and  NSR  in  Figures  10  and  11,  re¬ 
spectively,  taken  from  the  author's  publication. 
Manning  et  al  suggested  that  minimum  values 
for  Kj,  of  150  ksi  Vin.  and  NSR  of  about  0.  57  are 
required  for  satisfactory  performance,  but 
pointed  out  that  their  data  were  derived  from 
specimeni)  which  had  undergone  a  certain  amount 
of  plastic  deformation. 


FIGURE  10.  BURST  STRESS/ YIELD  STRENGTH 
VERSUS  K,.  VALUE  FOR  PRESSURE  VESSELS 
OF  ULTRAHIGH-STRENGTH  STEEL' 3^) 


FIGURE  9.  BURST  STRESS/YIELD  STRENGTH 
VERSUS  Kjc  VALUE  FOR  PRESSURE  VESSELS 
OF  ULTRAHIGH-STR’dNGTH  STEELS 


Additional  notch  toughness  data  incL  ded  in 
Table  5  are  values  of  the  Allison  parameter, 
obtained  from  instrumented  bend  tests,  of  K^, 
obtained  from  centre-notch  tensile  testa,  and  of 
the  notch  strength  ratio,  obtained  from  edge- 
notch  tensile  tests.  Data  for  the  former  is 
rather  meagre  and  is  available  only  for  vessels 
of  D6AC  and  3Cr-Mo'V  alloys.  In  both  cases, 
a  lower  value  of  the  parameter  is  associated 
with  a  burst  stress  below  the  yisld  strength,  and 
a  higher  value  with  a  burst  stress  above  the 


Apart  from  the  information  available  and 
discussed  above  on  pressure  vessels,  a  few  re¬ 
sults  have  been  reported  for  recoilless  rifles(60) 
and  aircraft  landing  gear^^^.  In  the  case  of  the 
recoilless  rifles,  the  requirement  was  for  a 
steel  with  a  mirumum  yield  strength  of  220  ksi, 
and  good  notch  toughness.  The  alloy  selected 
was  4330  V  (Mod.  4  St)  steel,  and  at  the  speci¬ 
fied  yield  st’‘cngth,  the  NSR  value  was  about 
0.  9  and  the  Kj^  value  about  85  ksi  N/in.  The 
data  were  obtained  from  notched  round  speci¬ 
mens  (no  details  of  notch  given).  Centre-notch 
sheet  specimens  were  used  to  determine 
the  value  obtained  beixtg  290  ksi  >4n.  Hydro¬ 
static  tests  were  carried  out  on  3-1/2  in. 
diameter  cylinders,  and  gave  full  shear  failures 
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with  the  combined  yield  ^trees  very  close  to  the 
uniaxial  yield  strength.  Firing  tests  on  actual 
rifles  were  also  satisfactory.  It  will  be  appar¬ 
ent  that  these  results  are  in  agreement  with  the 
conclusions  arrived  at  earlier  in  this  section. 


FIGURE  11.  BURST  STRESS/ YIELD  STRENGTH 
VERSUS  NOTCH  STRENGTH  RATIO  FOR  PRES¬ 
SURE  VESSELS  OF  ULTRAf.IGH-STRENGTH 

STEELSP2) 


The  information  regarding  landing  gear  is 
contained  in  an  article  analyzing  the  service 
failure  of  three  aircraft  parts  made  of  AISI  4340 
steel,  quenched  and  tempered  to  a  tensiL 
strength  of  about  270  ksi  with  a  yield  strength 
c  f  about  235  ksi.  Although  no  data  pertinent  to 
the  present  discussion  were  given,  the  investi¬ 
gation  was  of  some  importance  since  it  stressed 
the  dangers  of  hydrogen  embrittlement  in 
ultrahigh-strength  steel.  All  three  failures  were 
attributed  basically  to  this  cause,  and  the  neces¬ 
sity  of  extreme  care  in  processing  and  fabrica¬ 
tion,  and  in  the  design  and  maintenance  of  the 
hardware  was  emphaaiaed.  It  is  not  proposed  to 
review  ihis  particular  aspect  of  the  notch  tough¬ 
ness  problem  here,  but  reference  may  be  made 
to  a  related  study  of  solid-fuel  rocket  chambers 
carried  out  bv  Shank  et  al(^^).  The  authors 
stressed  the  beneficial  effects  of  surface  de¬ 
carburization,  and  concluded  that  it  was  neces¬ 
sary  with  present  alloys  to  design  to  notch 
strength  ratios  of  less  than  1.0  to  secure  mini¬ 
mum  feasible  weight. 

DESIGN  REQUIREMEN 

Examination  of  structures  and  structural 
components  of  ultrahigh- strength  s‘eels,  which 


have  failed  in  service,  generally  reveals  that  the 
origin  of  failure  was  a  small  crack  or  crack-like 
flaw.  Presumably  the  initial  flaw  size  was  in¬ 
sufficient  to  cause  fracture  in  the  proof  test  or 
upon  initial  loading,  and  required  a  number  of 
load  cycles  and/or  time  under  sustained  load  to 
attain  the  critical  size  for  failure.  The  flaws 
normally  encountered  can  be  classified  as  sur¬ 
face  flaws,  embedded  flaws  and  through -the - 
thickness  cracks(10^  ^9).  For  surface  and  em¬ 
bedded  flaws,  the  conditions  are  generally 
those  of  plane  strain.  The  initial  flaws  may  or 
may  not  reach  the  critical  size  before  growing 
through  the  thickness  depending  upon  the 
value,  the  applied  stress  level  and  the  material 
thickness.  For  through-the-thickness  cracks 
in  relatively  thin  material,  plane  stress  condi¬ 
tions  normally  predominate,  and  K^.  is  the  im¬ 
portant  parameter.  As  the  thickness  increases 
the  fracture  appearance  changes  from  full 
shear  to  flat,  and  the  Kje  value  should  be  used. 

It  will  be  apparent  from  the  foregoing  that 
three  of  the  principal  factors  controlling  the 
performance  of  ultrahigh-strength  hardware 
are  the  initial  fla  v  size,  flaw  growth  and  criti¬ 
cal  flaw  size.  These  factors  in  turn  are  de¬ 
pendent  upon  a  number  of  others,  notably  the 
material,  its  processing  and  heat  treatment, 
the  fabrication  procedure,  the  service  temper¬ 
ature,  the  type  of  loading,  the  environment, 
and  the  accuracy  and  extent  of  the  non¬ 
destructive  inspection.  The  effect  of  the  ma¬ 
jority  of  the  factors  on  the  notch  toughness  of 
various  materials  has  already  been  discussed, 
but  some  additional  comments  are  desirable  at 
this  point. 

Firstly,  with  regard  to  the  inherent  tough¬ 
ness  of  the  material,  a  number  of  investi- 
gators(^^>^5)  have  reported  significant  vari¬ 
ations  from  heat  to  heat  and  from  vendor  to 
vendor  with  no  obvious  connection  with  the 
chemistry.  Such  a  situation  is  to  be  regretted, 
but  also  accepted  in  the  present  state  of  the 
art,  and  is  an  additional  reason  for  the  incor¬ 
poration  of  some  form  of  fracture  toughness 
test,  other  than  the  standard  Charpy  test  which 
is  insufficiently  sensitive,  into  material  speci¬ 
fications. 

Secon  iy,  the  effect  of  temperature  has  so 
far  been  largely  ignored.  The  operating  tem¬ 
perature  is  undoubtedly  an  important  factor, 
and  must  be  taken  into  consideration  for  such 
applications  as  cryogenic  tankage  and  those  in¬ 
volving  aerodynaroic  heating,  ft  is  not  intended 
in  the  present  review,  however,  to  deal  with 
this  aspect  in  detail,  but  references  arc  pro¬ 
vided  for  those  who  are  specifically  interested. 

In  general,  the  notch-toughness  parameters 
(NSR,  Kc  and  of  the  ultrahigh-strength 
steels  decrease  as  the  test  ttmperaturc  is 
lowered  from  room  temperature  to  cryogerdc 
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temperatures.  References  60,  64,  65,  66  and  67 
present  data  for  4330V  (Mod.  +  Si),  Vascojet 
1000  and  300  M,  4340,  X200  and  AldS  6434  aUoys, 
respectively.  In  contrast,  limited  tests  on  both 
grades  of  18%  Ni  alloy (^4)  indicate  little  effect, 
if  anything  a  slight  increase,  down  to  -45  F. 

The  information  available  on  the  effect  of  ele¬ 
vated  temperatures  (up  to  400  F)  on  the  tough¬ 
ness  is  less  consistent.  References  16,  24 
and  68  indicate  a  decrease  for  AMS  6434,  18% 

Ni,  and  4340  alloys  respectively,  when  the 
temperature  is  raised,  whereas  references  64 
and  66  show  an  increase  for  Vascojet  1000  and 
3'^0  M,  and  X200  alloys,  respectively. 

Thirdly,  there  is  the  question  of  the  degree 
and  extent  of  the  non-destructive  inspection. 

The  adequacy  of  the  inspection  procedure,  since 
it  controls  the  magnitude  of  the  initial  flaw 
size,  is  a  major  factor  in  determining  the  per¬ 
formance  of  the  hardware.  The  difficalties 
involved  in  the  adeo/-  ate  inspection  of  certain 
items  such  as  large  rocket-motor  cases,  how¬ 
ever,  must  be  appreciated.  It  has  been  re¬ 
ported  that  the  smallest  flaw  known  to  cause  a 
failure  was  1/32  in.  long  and  1/32  in.  dcep^^^K 
An  additional  control  in  the  case  of  pressure 
vessels  is  supplied  by  the  conventional  proof 
test  which,  if  successful,  actually  defines  the 
maximum  possible  initial  flaw  size  that  exists 
in  the  vessel. 

The  three  primary  factors  controlling  ser¬ 
vice  performance,  as  mentioned  earlier,  are 
initial  flaw  size,  flaw  growth  and  critical  flaw 
size.  With  the  aid  of  fracture  mechanics  and  a 
knowledge  of  the  fracture  toughness,  the  crit¬ 
ical  flaw  size  can  be  derived  for  the  operating 
conditions.  In  order,  then,  to  determine  the 
limiting  initial  flaw  size,  and  hence  the  level  of 
inspection,  data  must  be  obtained  on  the  rate  of 
flaw  growth,  whether  this  he  due  to  cyclic  i.r 
sustained  loading,  or  both.  Tiffany, et 
have  utilized  the  reverse  approach  to  predict 
with  reasonable  accuracy  the  life  of  a  I?  in. 
diameter  cylinder  of  D6AC,  subjected  to  low 
cycle  fatigue.  The  cyclic  flaw  growth  was  de¬ 
termined  using  notched  bars  and  surface - 
cracked  specimens,  and  cycling  them  to  failure 
at  various  percentages  of  the  critical  stress 
intensity.  The  curve  obtained  was  then  used  to 
predict  the  life  of  pre-flasred  cylinders.  Data 
were  also  presented  on  the  cyclic  flaw  growth 
of  17-7  PH  and  18%  Ni  steels  and  the  flaw  grosrth 
v’nder  sustained  loading,  by  a  similar  procedure, 
of  17-7  PH,  4330M  and  18%  Ni  steels.  Under 
sustained  loading,  crack  growth  does  not  nor¬ 
mally  occur  whc  the  stress  intensity  is  less 
than  about  80%  of  the  critical  value,  but  both 
types  of  growth  may  have  to  be  taken  into  account 
in  any  given  application.  An  exception  to  this 
behaviour  has  been  noted  for  certain  alloys  in  the 
presence  of  water,  when  crack  growth  may  take 
place  at  considerably  lower  stress  intensities. 


One  test  on  a  surface-cracked  specimen  }f 
18%  Ni  steel  is  of  particular  interest,  since  it 
supports  Irwin's  so-called  "second  line  defence" 
suggestion(^^).  The  plane  stress  fracture  tough¬ 
ness  of  an  ultrahigh-strength  steel  is  much 
higher  than  the  plane  strain  value,  which  governs 
the  onset  of  instability,  and  may  be  sufficient  to 
arrest  the  running  crack.  In  the  test  on  a  1/4 
in.  thick  specimen  of  18%  Ni  steel,  the  surface 
crack  was  observed  to  pop  through  the  thickness 
at  173  psi  and  was  arrested  until  the  stress  was 
raised  to  178  ksi,  at  which  level  the  specimen 
fractured. 

It  will  be  apparent  that  this  aspect  of  the 
problem,  cyclic  flaw  growth,  has  overlapped 
into  the  field  of  fatigue,  and  some  consideration 
may  usefully  be  given  to  a  tentative  approach 
from  this  fieldC^l).  The  method,  proposed  by 
Kuhn,  is  designed  for  the  prediction  of  the 
eff>'ct  of  flaws  on  both  the  static  and  the  fatigue 
strength.  Briefly,  the  static  strength  of  a 
cracked  component  is  predicted  from  the  theo¬ 
retical  stress  concentr?  *iori  factor  corrected 
for  size  effect,  by  the  ^  ouber  constant,  and 
for  the  effect  of  plasticity.  For  fatigue  loading 
near  the  fatigue  limit,  the  plasticity  correction 
is  omitted.  The  method  appears  to  have  been 
applied  with  reasonable  accuracy  to  the  pre¬ 
diction  of  the  fracture  stress  of  cracked  alu¬ 
minum  and  Utanium  alloy  sheet,  and  the  notch 
fatigue  factor  of  low-alloy  steel  shafts,  but  no 
correspondirg  applications  have  been  presented 
for  ultrahigh-strengtb  steels.  Some  data  are 
given  for  H-ll  steel  in  which  the  method  is 
used  satisfactorily  to  predict  the  notch  strength 
ratio  for  a  limited  range  of  root  radii  based  on 
a  value  of  Nrober’s  constant  derived  frt  n  tests 
of  cracked  specimens.  Further  examination  of 
thie  approach  is  warranted  and  might  be  quite 
rewarding. 

Numerous  other  design  procedures  and  de¬ 
sign  critsria,  both  theoretical  and  experimental 
have  been  proposed  during  the  last  fsw  years. 
Okie  of  the  earlier  criteria  wae  euggeeted  by 
Srawley(^^),  and  involved  the  fracture  appear¬ 
ance  transition  temperature  (FATT)  and  the 
net  fracture  stress  traneition  temperature 
(NFSTT).  The  former  wae  defined  ac  the  low¬ 
est  temperature  at  which  a  centre-crack  speci¬ 
men  v-ould  "xhibit  (vU  shear,  and  the  Latter  as 
the  temperature  at  which  the  net  fracture 
stress  is  equal  to  the  yield  strength.  If,  (or 
the  particular  thickness  and  condition  of  the 
material,  either  the  FATT  or  the  NFSTT  were 
above  the  loweet  operating  temperature,  the 
author  contended  that  the  steel  should  not  kt.' 
used.  Of  the  alloys  studied  at  that  time,  only 
two  gave  a  FATT  below  room  temperature 
(75*F)  with  a  yield  strength  above  200  kei,  a^ 
can  be  seen  in  Figure  12.  Unfortunately,  no 
aervice  data  were  available  to  check  the  opera¬ 
tional  validity  of  th:t  approach. 
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FIGURE  '2.  FRACTURE  APPEAJflANCE 
TRAP  '!-ION  TEMPERATURE  VERSUS 
YIEI.U  ^^TRENGTH  FOR  SOME  HIGH- 
STRENGTH  STEELS(72) 


A  design  criierion,  based  on  fracture 
m  chaiiicK  and  associated  with  the  foregoing, 
was  proposed  oy  Irwin(^)  for  pressure  vessels, 
and  is  knowr  as  the  leak-beforc  -burst  criter¬ 
ion.  It  it  based  upon  the  parameter  which 
iS  propor''ional  to  the  ratio  between  the  plastic 
zone  size*  ahead  of  the  crack  tip  and  the  plate 
thickness  (B). 

Sc  =  (O-y  =  0.  2%  yield  strength) 

7 

Irwin  suggested  that  Sc  should  be  e<iual  to  or 
greater  than  Ztr,  which  is  equivalent  to  stat;ng 
that  the  material  should  be  able  to  arrest  a 
through-crack  of  length  equal  to  2B  when  the 
stress  equals  the  yield  strength.  This  relation¬ 
ship  corresponds  sxperunentaliyi^^)  to  test- 
pieces  containing  more  than  80%  shear  on  the 
fracture  surface,  hence  the  connection  with 
Srawley's  criterion.  Experimental  justification 
is  afforded  by  burst  tests  on  pressure  vessels 
carried  out  by  Carman,  et  al(i»B).  From  the  re¬ 
sults  for  several  alloys,  the  aulbors  concluded 
that  r  value  of  2n  for  Pq  was,  at  least,  desir¬ 
able,  and  that  extreme  care  in  fabrication  and 
inspection  wan  necessary  below  this  value.  They 
also  pointed  out  that  under  certain  conditions, 
Kc/Kjc  ratio  of  less  than  two,  the  fracture  be¬ 
haviour  is  governed  by  the  plane  strain  fracture 
totighnebs.  Additional  verification  is  provided 
by  the  data  for  pressure  vessels  summarised  in 
Table  5.  For  all  those  tests  for  which  the  nec¬ 
essary  i.'Uormation  is  available,  the  behaviour 
of  the  pressure  vessel  could  essentially  be  pre¬ 
dicted  by  the  criterion.  Furthermore,  the 
condition  propoi^ed  by  Manning,  e*  of  a 

minimum  value  of  ISO  ksi  vin.  av  yield 
strengths  up  to  220  ksi  for  vessels  of  aocut 


0.  08  in.  wall  thickness  corresponds  to  a  mini¬ 
mum  Pc  vs'iue  of  about  27r(^). 

Other  design  criteria  have  been  suggested 
which  are  not  based  directly  on  fracture  me¬ 
chanics,  in  particular  a  critical  value  of  the 
notch-strength-ratio  (NSR).  A  value  of  unity 
has  be.Mi  proposed  and,  as  a  less  conservative 
criterion,  a  notch  tensile  strength  exceeding 
the  yield  strengthl^^).  Unfortunately,  the  notch 
strength  is  dependent  upon  the  specimen  size, 
notch  depth  and  root  radius,  and  much  of  the 
available  data  does  not  meet  the  current  re¬ 
quirements  for  a  sharp  notch.  Experimental 
data  from  pressure  vessel  tests  by  Manning 
et  al(^^)  led  to  the  conclusion  that  a  NSR  value 
of  about  0.  57  was  sufficient  for  satisfactory 
performance,  as  mentioned  earlier.  Very 
little  additional  information  is  available  in 
Table  5  to  check  this  conclusion.  Klier(^^)  has 
carried  out  tests  on  fatigue -cracked,  round 
specimens  of  4340  steel  and  has  concluded  that 
the  temperature  at  which  NSR  =  1  corresponds 
to  the  nil  ductility  transition  (NDT)  temperature 
as  measured  in  the  drop-weight  test  This 
point  will  be  returned  to  later  in  the  discussion. 

Another  possible  criterion,  'hich  has  been 
shown  to  correlate  well  with  the  behaviour  of 
pressure  vessels,  is  based  on  the  instrumented 
bend  test.  In  this  test,  develop-'d  by  Hanink 
and  Sippel(74),  the  specimen  dimensions  are 
designed  to  produce  a  binxial  stross  field  sim¬ 
ilar  to  that  in  a  cylindrical  pressure  vessel, 
and  no  artificial  notch  is  required.  The  bend 
test  parameter  is  the  difference  between  the 
maximum  fibre  stress  and  the  stress  at  wnich 
rapid  crack  propagation  begir  . ,  and  has  been 
shown  to  correlate  with  the  per  cent  shear  and 
the  G^  value  for  centre-crack  tests.  The  re¬ 
sults  of  tests  by  Cottrall  and  Turner(^^)  would 
sugge'^t  a  critical  parameter  vaiue  of  more 
than  30  Kei,  since  their  bend  teste  were  made 
on  material  from  burst  vetnels-  'The  only  other 
dti.i  available(^^)  indicatcu.  a  value  in  excess  of 
45  kei.  The  important  point  is  that  this  simple 
test  does  reproduce  pressure  vessel  condi¬ 
tions,  and  can  discriminate  between  aatiafactory 
and  unaatisfactory  material.  Cottrell,  et 
have  also  used  a  wide  bend  test  to  evaluate  the 
biaxial  ductility  of  low-alloy  steel  for  rocket - 
case  construction.  If  the  specimens  can  be  bent 
'lirough  180*  without  failure  around  a  former  of 
radius  equal  to  four  times  the  sheet  thickness, 
the  ductility  is  considered  to  be  satisfactory. 

The  consideration  of  design  criteria  would 
not  be  complete  without  a  reference  to  the  ex- 
teusive  work  of  Wllini  and  his  collaborators. 

In  order  to  study  the  response  of  thicker  mate- 
-lal,  suitable  for  submarine  hulls  and  hydro¬ 
foils,  to  a  crack,  these  investigators  developed 
the  drop-weight  test  ana  the  explosion  bulge 
test,  and  more  recently  the  tear  versions  of 
these  tests  The  drop-weight  test  was  designed 
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to  evaluate  the  resistance  of  the  material  to 
crack  propagation  'n  a  stress  field  of  yield 
strength  levels  and  leads  to  the  determination  of 
the  NDT.  The  drop-weight  tear  test  differs 
essentially  in  the  direction  of  crack  propagation 
relative  to  the  motion  r'  the  impacting  load,  and 
in  the  magnitude  of  the  initial  crack  velocity 
which  is  higher  when  it  reaches  the  test  mate 
rial.  The  explosic.i  bulge  and  explosion  bulge 
tear  tests  ave  similar  insofar  as  the  loading 
method  is  concerned,  but  in  the  latter  the  crack 
propagates  from  a  2  n.  flaw  in  a  direction  of 
essentially  unifo^i.t  loading.  The  explosion 
bulge  tear  test  may  be  regarded  as  establishing 
an  extreme  upper  limit  to  the  severity  of  load¬ 
ing  conditions  in  a  structure. 

Pellini  and  Puzak  have  drawn  attention  to 
the  "low  energy  shear"  characteristics  of  the 
ultrahigh-strength  steels,  and  have  discussed 
the  implications At  yield  strength  levels 
above  200  ksi,  the  Charpy  V  upper  shelf  or 
plateau  energy  may  drop  to  very  low  values  (Ifi 
to  20  ft  lb),  as  indicated  schematically  in  Fig¬ 
ure  13.  In  effect,  the  ductile  energy  absorp¬ 
tion  of  such  steels  is  comparable  to  the  energy 
absorption  for  brittle  fracture  of  lower  strength 
steels.  Hence,  fracture  with  no  sign  of  cleav¬ 
age  may  initiate  from  small  flaws  at  elastic 
stress  levels  close  to  the  yield  strength,  and 
large  flaws  may  be  disastrous.  Typical  fail¬ 
ures  from  service  were  quoted  to  illustrate 
this  point.  Explosion  bulge  tear  tests  of  a 
number  of  steels  demonstrated  that  a  high  level 
of  fracture  toughness  was  associated  with  a 
shelf  energy  in  excess  of  50  ft  lb.  A  managing 
steel  of  220  ksi  yield  strength,  however,  gave 
a  "flat  break"  of  full  width  at  30  F.  Similarly, 
in  the  drop-weight  »ear  test,  the  energy  ab¬ 
sorbed  by  th?  maraglng  steel  was  very  low. 
Presumably,  other  ultralugh- strength  steels 
would  have  shown  much  the  same  behav  ir. 

The  authors  conclude  that  maraging  steels  of 
(he  260  ksi  ntrength  level,  ahich  are  not  eubjcct 
to  quench-and 'temper  treatmente,  are  accep  - 
able  for  large  booeter  caeinge,  despite  the  fact 
that  the  flaw  eiae  (or  frecture  initiation  at  yield 
strength  levels  is  of  the  order  of  3/b  in.  (or  a 
3/4  in.  thick  plate-  Thie  conclueirn  is  baeed 
u|>ori  inepectability  and  the  nature  of  the  eervice, 
and  obviouely  the  eame  coneideretione  would 
not  Ai  ply  to  eubmarine  hulle. 

The  difference  in  the  requiremente  for  motor 
casee  and  eubmarine  hulle  liae  been  etreeeed  by 
Idanning  and  MartinC^^).  The  latter,  in  particu¬ 
lar,  must  be  capable  of  wittietanding  ehock  wave 
leading,  and  it  :s  deetrable  that  the  material 
should  absorb  the  s;:phed  energy  by  distributing 
the  plastic  deformation  through  as  large  a  volume 
of  metal  as  possible.  If  it  is  accepted  that  the 
explosion  bulge  teste  evaluate  thie  chairactenetic, 
and  if  the  correlation  with  the  Charpy  Y  shelf  en¬ 
ergy  is  maintained,  then  it  is  apparent  that  ihe 
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FIGURE  13.  REPRESENTATIVE  CHARPY-V 
TRANSITION  CURVES  FOR  HIGH-STRENGTH 
AND  ULTRAHIGH-STRENGTH  STEEL3<'^5) 

application  of  ultrahigh-strength  steels  to  hulls 
may  be  lim.ted  entirely  by  the  extent  and  level  of 
the  inspection  procedure. 

To  summarize  the  foregoing  discussion,  a 
num.ber  of  criteria  are  now  available  to  the  de¬ 
signer  of  ultrahigh-strength  steel  hardware. 

For  conditions  involving  essentially  static  "one- 
shot"  loading,  the  Pc  criterion  has  been  found  to 
correlate  well  with  eervice  performance.  When 
the  conditions  are  such  (hat  a  fair  degree  of 
cyclic  loading  it  involved,  allowance  must  be 
made  for  possible  siow  crack  growth,  and  here 
the  environment  may  be  an  important  factor. 

For  those  applications  in  which  shock  loading  i« 
likely  or  even  possible,  and  in  the  preoenv  state 
of  the  art,  it  would  appear  that  more  severe  tests 
are  necessary,  such  as  those  developed  at  NRL, 
particularly  if  failure  of  the  hardware  involves  a 
hazard  to  personnel.  Nevertheless,  it  ic  sug¬ 
gested  that  for  certain  applications  more  use 
might  prc'itably  be  made  of  simpler  tests,  such 
as  the  instrumented  bend  test,  which  have  aleo 
shown  good  corrolation  with  performance. 
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FACTORS  AFFECTING  THE  FRACTUilE  OF  HIGH-STRENGTH  STEELS 

by 

C.  L.  M.  Cottrell* 


SUMMARY 

Factors  affecting  the  fracture  of  thin-walled 
high-strength  steel  rocket-motor  cases  of  welded 
construction  are  studied.  A  line  of  reasoning  is 
proposed  which  leads  to  the  conclusion  that  those 
factors  which  affect  crack  initiation  and  slow  prop¬ 
agation  are  of  prime  importance.  Using  this  ap¬ 
proach,  the  factors  governing  fast  propagation  as¬ 
sume  secondary  importance  and  are,  therefore, 
not  discussed  at  length. 

It  is  known  that  in  a  weld*  i  structure,  fracture 
can  be  initiated  either  in  the  weld  zone  or  in  the 
paient  metal  outside  the  weld  zone.  In  this  paper, 
a  special  distinction  is  made  between  these  two 
forms  of  initiation,  since  measures  for  their  con¬ 
trol  may  well  differ. 

Weld-zone  fracture  initiation  may  be  prevented 
by  using  steel  with  a  high  resistance  to  hot  crack¬ 
ing.  Results  are  presented  which  show  that  the  hot 
crack  resistance  of  low-alloy  steels  can  be  calcula¬ 
ted  from  a  knowledge  of  the  steel  composition. 

The  likelihood  of  fracture  initiation  ^n  ihe 
parent  metal  outside  the  weld  zone  can  best  be 
determined  by  some  form  of  bend  test  which  gives 
conditions  of  biaxial  stress  on  the  surface.  This 
teat  ensures  that  fracture  is  initiated  by  a  parent- 
metal  defect.  Steel  composition,  surface  condition, 
and  test  environment  are  shown  to  have  an  effect  on 
fracture  initiation,  steel  purity  being  of  the  utmost 
importanc  e. 

Finally,  a  significant  correlation  it  shown  to 
exist  between  the  performance  of  weldeo  rocket 
cai>es  and  tubes  and  inotrumented  bend  teat  re¬ 
sults.  This  correlation  should  be  of  u«e  in  design, 
since  results  are  shown  as  a  function  of  material 
tensile  strength. 

INTRODUCTION 

It  is  well  known^^*^^  that  high-strength  steels 
seffer  from  embrittlerient  in  the  presence  of 
stress  concentrations  when  heat  treated  to  tensile 
strengths  above  about  ZZ4,0C0  psi  (100  tons  sq/iri. ) 
and  the  situation  in  the  USA  has  recently  been  sum- 
mariied  by  A.  Q.  Mowbrayi  This  propeity  has 
t>eec  demonstrated  in  notched  tensile  teats  of  var¬ 
ious  types  and  has  also  oeen  observed  in  service 
■where  cracks  were  present.  |4) 

The  importance  of  prior  crack  length  on  the 
liability  of  the  crack  to  propagate  in  sn  unstable 
manner  has  been  fully  dealt  with  by  Irwin  and 

•Bris’.ol  Xrrojet,  Limited,  Banwell,  Weston- 
Supe/-Marr,  Somerset,  England, 


Kie8,(^)  who  also  demonstrated  the  effect  of  ma¬ 
terial  thickness  on  crack  propagation.  This  work 
has  led  to  the  conclusion  that  for  high-strength 
rocket-motor  cases  and  other  similarly  stressed 
components,  only  material  which  will  tolerate  a 
certain  crack  length  without  giving  rise  to  unstable 
fracture  can  be  used.  This  crack  length  would, 
of  necessity,  be  such  that  could  be  observed  by 
known  inspection  techniques  such  as  radiography. 

The  result  of  this  approach  is  that  relatively 
low-strength  materials  have  become  approved,  and 
the  very  high-strength  materials  are  not  considered 
suitable  because  the  crack  size,  which  would  lead 
to  unstable  fracture,  wou.d  be  too  small  to  be  meas¬ 
ured  by  conventional  inspection  techniques.  There 
also  tends  to  be  a  dislik<i  of  welding  because,  in 
the  past,  weld  defects  in  the  lurm  of  cracks  have 
been  quite  numerous  and  the  normal  method  of 
inspection  is  by  radio, ‘^raphy  which,  as  mentioned 
before,  can  only  detect  defects  down  to  a  certain 
limiting  size. 

When  considering  this  approach,  which  relies 
on  a  limiting  crack  sice,  it  is  interesting  to  specu¬ 
late  on  what  advantage  could  be  obtained  by  reduc¬ 
ing  the  inherent  defects  in  both  the  weld  metal  and 
the  parent  material.  Some  earlier  work  carried 
out  on  a  number  of  diffc  rent  steels(b)  indicated  that 
a  strict  control  over  the  composition  of  the  weld 
zone  could  ma  edly  restrict  the  amount  of  hot 
cracking  during  welding.  At  the  same  time,  the 
liability  of  the  parent  material  to  contain  a  defect 
of  a  given  size  is  likely  to  be  a  function  of  the  melt¬ 
ing  technique  used  in  its  manufactcie  and  this  could 
also  be  controlled.  Bearing  in  mind  these  two  fac¬ 
tors,  it  should  be  possible  to  control  both  the  weld 
zone  and  the  parent  material  so  that  neither  is  prone 
to  initiate  failure.  If  thia  can  be  done,  it  is  evi¬ 
dent  that  considerably  higher  usabU  tensile  strengths 
could  be  achieved  in  steels. 

This  approach  has  been  used  in  the  work  describ¬ 
ed  in  this  paper  and  the  investigation  was  first  con¬ 
centrated  on  those  factors  which  promote  weld-zone 
hot  cracking  (wcld-sone  wcakneas)  and  latterly  on 
factors  governing  the  initiation  of  cracks  in  the  par¬ 
ent  material  (inherent  material  defects)  under  con¬ 
ditions  of  biaxial  stress. 

WELD-ZONE  CRACK  INITIATION 

The  adve'se  effects  of  the  impurity  elements  sul¬ 
fur  and  pnosphonis(^  >^)  on  hot  cracking  in  the  weld 
zone  are  now  welt  known  and  the  effect  of  these  ele¬ 
ments  in  combination  with  carbon  haa  also  been 
noted. (9)  More  recently,  the  relationship  between 
certain  impurity  elements  and  certain  alloy  ;ng  ele- 
m  .its  in  steel  and  their  cornbned  efft-ct  or.  hot  track- 
.ng  has  been  studieii.  ^  It  would  appear  from  theae 
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earlier  results,  that  in  the  presence  of  phosphorus, 
elements  which  favour  solidification  of  the  steel  as 
austenite  are  adverse,  whereas  those  which  favour 
solidification  as  ferrite  appear  beneficial. 

This  work  has  now  been  greatly  extended  and 
a  large  number  of  steels  have  been  examined  using 
the  Huxley  hot-cracking  test. 

The  principle  of  the  test  is  the  initiation  of  a 
crack  in  a  meit  run,  made  by  the  tungsten  inert- 
gas  (TIG)  process,  and  measurement  of  the  extent 
to  which  the  crack  propagates  along  the  melt  under 
decreasing  strain.  Consistent  thermal  conditions, 
and  consequently  a  consistent  pattern  of  decreasing 
strain  within  the  melt,  is  ensured  by  making  the 
melt  run  at  a  c  nstant  speed,  by  certain  features 
in  the  desiga  oi  the  specimen  and  jig,  and  by  using 
specimens  of  a  standard  thickness. 

The  test  specimen  takes  the  form  of  a  strip 
16  inches  long  by  1-1/2  inches  wide,  having  oppos¬ 
ing  slots  approximately  1/ 32-inch  wide  cut  into  the 
sides  to  a  depth  of  0.  6  inch.  The  distance  between 
each  pair  of  slots  is  1-1/2  inches. 

The  slots  in  the  specimen,  while  acting  as 
thermal  insulators  between  each  test  section  (a 
test  section  being  the  area  of  metal  between  each 
pair  of  opposing  slots),  have  the  additional  func¬ 
tion  of  simulating  an  "edge  starting"  effect  for  the 
initiation  of  a  crack. 

This  teat  gives  a  quantitative  measure  of  the 
hot-cracking  tendencies  of  steels  and  has  been 
L^hown  to  correlate  with  production  welding  experi¬ 
ence  over  some  hundreds  of  welds.  (^®)  The  liabil¬ 
ity  to  cracking  is  expressed  in  terms  of  a  crack 
susceptibility  factor  (CSF).  The  relationship  be¬ 
tween  this  factor  and  cracking  in  production  weld¬ 
ing  is  shown  lu  Figure  1  from  which  it  will  be  seen 
that  when  the  factor  falls  below  about  20,  the  per¬ 
centage  of  cracking  in  production  is  very  low. 


FIGURE  1.  CORRELATION  OF  HOT-CRACK  TESi 
RESULTS  WITH  CRACKING  ON  PRODUCTION 
COVERING  782  WELDS 


The  Huxley  cracking  test  has  been  used  to 
evaluate  the  hot-crack  resistance  of  over  50  steels 
shown  in  Table  1.  The  results  have  been  expressed 
in  terms  of  steel  composition  based  on  the  com¬ 
bined  effect  of  phosphorus  on  ferrite  stabilizers  and 
austenite  stabilizers  ,  as  mentioned  earlier.  In  or¬ 
der  to  get  the  best  possible  relationship,  the  test 
results  were  analysed  by  means  of  a  computer  and 
a  factor  obtained  for  each  element.  The  results 
are  shown  plotted  in  Figure  2  from  which  it  will 
be  seen  that  there  is  a  most  significant  correla¬ 
tion  between  the  crack  susceptibility  factor  and 
steel  composition,  when  expressed  in  this  way. 

The  steels  shown  in  Figure  2  have  been  made 
by  various  melting  techniques,  and  there  does  not 
appear  to  be  any  marked  effect  of  melting  processes 
bearing  in  mind  that  in  most  cases,  standard  melt¬ 
ing  techniques  were  used. 

The  indications  are,  from  the  results  shown  in 
Figure  1,  that  when  the  crack  susceptibility  factor 
is  reduced  to  well  below  20,  all  tendencies  to  hot 
cracking  will  be  avoided,  but  it  is  also  considered 
th?  .  there  may  still  be  some  weakness  in  the  weld 
zone  even  when  cracks  are  not  present.  However, 
if  this  factor  i  reduced  to  almost  zero,  then  there 
is  every  likelihood  that  this  zone  of  weakness  will 
also  be  reduced  to  a  minimum  which  should  re¬ 
move  any  sources  of  fracture  initiation. 

*Q 
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FIGURE  2.  EFFECT  OF  STEEL  COMPOSITION 
ON  HOT-CRACK  SUSCEPTIBILITY 
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TABLE  1.  HOT  CBACX  TEST  RESULTS 


MaMrUl 

Steal 

No. 

Batch  Number  or 
Identification  and 
Specification 

C 

Mn 

81 

S 

Corapoaitlaa,  p« 
P  Hi  Cr 

r  cent 

Mo 

V 

Cu 

Co 

W 

c.s.r. 

Aearage 

Crack 

Mxltinc  Proexsx 

1%  Cbromittrn- 

n/USSE.6  RS.  120 

.30 

.49 

.29 

.009 

.016 

.!• 

.96 

.19 

19 

.280 

Air  melted 

Molybdenum 

2 

5916  RS.  120 

.295 

.44 

.24 

.011 

.015 

.  13 

.90 

.24 

. 

. 

. 

. 

21 

.321 

Air  melted 

3 

5855  RS. 120 

.315 

.41 

.  19 

.013 

.030 

.09 

.85 

.245 

. 

. 

. 

37 

.554 

Air  malUO 

4 

A.  b75  RS.  120 

.30 

.51 

.  14 

.016 

.023 

.16 

.95 

.  195 

- 

. 

. 

. 

37 

.560 

Air  melted 

5 

5S54  RS.  120 

.315 

.41 

.  19 

.013 

.031 

.09 

.82 

.245 

. 

. 

. 

41 

.615 

Air  melted 

6 

6469  RS.  120 

.31 

.49 

.29 

.014 

.023 

.09 

.88 

.215 

. 

34 

.514 

Air  melted 

40 

BU.  340  RS.  120 

.285 

.51 

.23 

.006 

.013 

.  10 

1.02 

.  17 

. 

. 

11 

.277 

Air  maltad 

41 

35ADS1  Ex.  NPL 

.30 

.52 

.20 

. 00065 

,002 

.  17 

.99 

.20 

* 

- 

- 

0 

0 

Vacuum  induction 
melted  (pure  bae 

49 

36  ADSI  Ex.  NPL 

.37 

.  52 

.20 

.0008 

.002 

.17 

.98 

.21 

* 

- 

0 

0 

Vacuum  inductian 
melted  (pure  bae 

$0 

37  ADSI  £x.  NPL 

.44 

.  52 

.20 

.0009 

.002 

.  17 

.99 

.21 

• 

- 

- 

0 

0 

Vaccum  induction 
melted  (pure  bee 

6S 

5851  RS.  120 

.285 

.46 

.22 

.o;9 

.031 

.08 

.95 

.23 

. 

. 

39 

.580 

Air  melted 

74 

BU.  295  RS.  130 

.30 

.  56 

.26 

.007 

.  013 

.11 

.99 

.21 

- 

. 

- 

24 

.  365 

Air  melted 

75 

BU.  342  RS.  130 

.30 

.53 

285 

.005 

.010 

.12 

1.02 

.  16 

- 

. 

. 

• 

8 

.  126 

Air  melted 

<11 

Ex.  SAAB 

.31 

.70 

.38 

.006 

.014 

trace 

1.  19 

.255 

- 

- 

- 

' 

26 

.  393 

Air  melted 

3%  Chromium- 

7 

B/FR.49  RS.  140 

.  38 

.  72 

.24 

.005 

.014 

.  14 

3.08 

.97 

.20 

„ 

23 

.342 

Air  melted 

Molybdenum- 

Vaandium 

21 

J,8  H.27 

.  345 

.60 

.  31 

.005 

.018 

.  14 

2.88 

.94 

.22 

- 

- 

16 

.238 

Vacuum  arc 
remelted 

26 

GV.  26  £a,  Brown 
Firth 

.39 

.27 

.03 

.  wl4 

.  007 

.  10 

2.93 

.86 

.22 

- 

20 

.  300 

Vacuum  induction 
melted 

27 

GV.  27  £x.  Brown 
Firth 

.  315 

.86 

.04 

.045 

.015 

.28 

2.99 

.84 

.205 

- 

- 

33 

.496 

Vacuum  induction 
melted 

28 

GV.  28  £x.  Brown 
Firth 

.37 

.47 

.24 

.  029 

.012 

.  13 

2.93 

.85 

.205 

- 

28 

.421 

Vacuum  induction 

melted 

30 

C.  8946 

.  375 

.68 

.  1 1 

.020 

.  016 

.08 

2.89 

.86 

.  195 

- 

. 

21 

.  314 

Air  melted 

44 

BU.  334  RS.  140 

.42 

.57 

.20 

.009 

.010 

.  115 

3.  31 

1.06 

.  185 

- 

- 

- 

21 

.  309 

Air  melted 

Chromium- 

1 

B/ZFI.  MOG.  510 

.  37 

.41 

1.  1 10 

.011 

.016 

.  21 

4.M 

1.41 

.  54 

19 

.278 

Air  melted 

Molybdenum- 

Vanadium 

37 

BU.227  H.  50 

.40 

.  52 

.84 

.  009 

.012 

.34 

5,  1? 

1.29 

.  15 

* 

8 

.  122 

Vacuum  Induction 

melted 

42 

Canadian  Vaecojet 

1000 

.435 

.  34 

.92 

.  008 

.010 

.11 

5.  51 

1.  16 

.44 

* 

• 

11 

.  158 

Air  melted 

1%  Nickal 

9 

B/ICl.  115  SAE.4135 

.375 

.63 

.  15 

.010 

.018 

1.82 

.82 

.23 

40 

.  594 

Air  melted 

10 

L.  744  Ex.  Brown 
Bayl«ye. 

.46 

.41 

.  1  1 

.009 

.011 

2.  10 

.83 

.46 

.26 

.  55 

- 

32 

.411 

Air  melted 

11 

L.  774  Ca.  Brown 
Beyleye. 

.  53 

.48 

.  19 

.009 

Oil 

2.  15 

.90 

87 

.25 

.43 

25 

.  349 

Air  mcaaed 

59 

B/tCl  163  SAE.4335 

.  35 

.  72 

.  24 

.012 

.017 

1.70 

.97 

.29 

- 

.  12 

- 

44 

.664 

Air  melted 

4? 

"JBS"  Ex.  JBS  L«*«. 

.  75 

.42 

- 

.009 

.010 

2.21 

- 

- 

. 

. 

. 

36 

.534 

Air  melted 

31 

65780  Ex.  Brown 
Bayleyc. 

.435 

.63 

.28 

.  009 

.023 

1.82 

1.  31 

.93 

.20 

- 

- 

39 

.  582 

Air  melted 

32 

CAV.  57 

.42 

.31 

.28 

.009 

.  020 

1.83 

1.28 

.96 

.  20 

• 

• 

42 

629 

Vacuum  ere 
remeltvd 

Silicon- 
Copper  Es. 

12 

W/OYN. 

.24 

.40 

1.35 

.008 

.013 

trace 

.04 

1.44 

13 

1.49 

• 

17 

261 

Vacuum  induction 
melted 

RARDC 

15 

W/GYM. 

.  37 

.49 

1. 84 

.  007 

.  0l3 

trace 

trace 

.85 

.25 

2.  12 

• 

19 

.271 

Vacuum  induction 
melted 

14 

W/HGN. 

.  54 

.93 

1.91 

,  008 

.  905 

.01 

.05 

.  75 

S3 

1.  75 

*• 

29 

418 

Vacuum  induction 

melted 

13 

W/HGO 

29 

.48 

2.  12 

.  009 

.  009 

.01 

.  04 

.84 

55 

1.  76 

- 

20 

104 

Vacuum  iaducliofi 
melted 

1* 

W/HCP. 

.  15 

.48 

2.  12 

.011 

.099 

.  01 

.  02 

.  80 

27 

1. 73 

• 

• 

27 

004 

Vacuum  induction 

melted 

17 

W/MCN. 

52 

x42 

2.  10 

.  oot 

.  005 

<-  01 

.02 

.80 

.  56 

1.  74 

- 

1 

■  16 

Double  vacuum 
melted 

11 

A  119 

.25 

1.  5f 

1. 89 

.012 

008 

<.0I 

.03 

1.58 

.64 

1.  73 

• 

• 

19 

.  282 

Vacuum  induction 

melted 

19 

A.  121 

.  40 

.  54 

1. 58 

.  008 

.014 

<.0I 

.04 

.  77 

23 

1.94 

- 

23 

.  573 

Air  melted 

31 

A.  318 

>4 

1.94 

1.87 

019 

.006 

.05 

04 

77 

.  53 

1.00 

• 

• 

24 

419 

Vacuum  inductim 

moiled 

39 

A.  322 

.  575 

1.0 

1.62 

.018 

007 

04 

.05 

73 

10 

1.03 

2.  t 

>0 

.454 

Vacuum  MMiuction 
melted 

40 

A. 349/  1 

.  523 

1  49 

1.  74 

014 

.004 

.  05 

.05 

1.  74 

.  74 

I.M 

* 

21 

.  345 

Vacuum  ieductiun 

melted 

42 

liAB.  in 

.40 

!  50 

1. 86 

.003 

.  006 

■ 

95 

.  34 

1. 59 

■ 

■ 

25 

5T9 

Vacuum  mductloe 
melted 

X.  ibO 

22 

WIL.  2 

.  583 

92 

1.45 

007 

.005 

.  24 

2.03 

.47 

.06 

• 

- 

1 1 

.  159 

Vacuum  mducflon 
melted 

29 

G.  9082  Ex.  Brown 
Firili  . 

.46 

.  68 

1.  59 

.009 

.  017 

irwee 

2.04 

.  38 

.07 

• 

28 

.421 

Air  melted 

45 

BU.421 

.  42 

.68 

1.  14 

.  009 

016 

.09 

1.99 

54 

.04 

• 

24 

155 

Air  me' ^ed 

Chrotnium 

34 

rv. 352 

.093 

.84 

.27 

.008 

Olt 

1. 09 

11.4 

.  37 

.  22 

. 

- 

19 

.279 

Air  melted 

Eli.  Breum 

33 

rv. 333 

.083 

.  94 

.  54 

002 

.  01 1 

- 

10.22 

.  00 

.25 

- 

5.94 

52 

,470 

Air  melted 

rirlK 

54 

rv.344 

.  093 

.  79 

,  11 

on 

.011 

2.  52 

11.71 

1.  II 

.  14 

- 

- 

- 

25 

342 

Air  melted 

Aeeearch 

37 

rv.  407 

.  14 

.  55 

.  009 

.012 

.41 

10.92 

.82 

.26 

* 

* 

9 

.  151 

All  melted 

MlecelianoMt 

21 

B/AEDU.  7  MVS 

13 

,  32 

.  29 

.  004 

.  00’ 

.  13 

.42 

1.  15 

29 

1 

.014 

Air  melted 

24 

KAB  il  HIT.  140 

443 

.41 

.  >0 

.  OO’ 

-t  1 

.  15 

3.  10 

2.  U 

.41 

- 

- 

- 

11 

.  193 

4ir  iTvelted 

23 

HAS  44  HST  129 

.  H3 

.  65 

.  53 

.008 

.009 

.  16 

1.  04 

2  0 

39 

- 

• 

- 

8 

111 

Air  melted 

52 

BU.  149  K.  K.  5 

.81 

1.23 

.  12 

.  004 

.  014 

.  17 

4.64 

3.46 

1  44 

- 

4  60 

0 

8 

Air  melted 

41 

A  671  Ex  RARDE 

625 

.  33 

08 

.01  5 

.  004 

.01 

2.  74 

.  88 

.  20 

• 

2.91 

28 

416 

Vacuum  6»duCt(4M 

melted 

128 


It  would  appear  that  by  using  this  approach,  it 
should  be  possible  to  design  a  steel  to  give  a  marked 
degree  of  safety  against  liability  to  crack  initiation 
in  the  weld  zone.  Further,  if  fabrication  of  rocket 
cases  is  carried  out  by  the  helical  welding  process, 
this  will— because  of  the  weld  alignment  relative  to 
the  principal  stress— allow  the  weld  to  be  slightly 
softer  and  thus  give  an  additional  degree  of  safety. 

PARSNT-METAL  CRACK  INITIATION 

It  is  considered  that,  in  the  absence  of  a 
mechanical  notch,  crack  initiation  occurs  at  a 
point  of  weakness  in  the  parent  material  such  as  an 
inclusion  or  some  other  defect.  It,  therefore,  fol¬ 
lows  that  some  form  of  test  which  initiates  a  crack 
from  one  of  these  points  is  necessary  to  evaluate 
truly  this  property  of  the  material.  The  must  suit¬ 
able  form  of  test  is,  therefore,  a  wide  bend  test, 
since  it  provides  a  degree  of  biaxial  stress  on  the 
surface  without  recourse  to  notching.  In  this 
manner,  fracture  is  allowed  to  initiate  at  the  weak¬ 
est  point  in  the  material  within  a  certain  area. 

A  large  number  of  tests  have  been  carried 
out^  '  using  a  wide  bend  teat  ia  which  test  pieces 
were  bent  over  formers  of  different  radii.  The  re¬ 
sults  have  been  reported  in  terms  of  the  smallest 
former  radius  which  will  just  avoid  cracking  when 
the  material  if.  bent  through  180*.  These  results 
are  shown  in  iHgure  3,  and  it  is  apparent  that  the 
purity  of  the  steel  has  a  marked  effect  on  its  re¬ 
sistance  to  crack  initiation,  since  this  form  of  test 
essentially  measures  this  property  and  takes  no 
i'.ccount  of  fast  crack  propagation.  It  is  also  inter¬ 
esting  to  note  that  the  embrittlement  of  the  materi¬ 
al  when  tempered  at  570  F  (300  C)  is  much  reduced 
when  the  purity  is  increased.  In  the  case  of  the 
most  pure  steel,  0.001%  sulfur-0.  002%  phosphorus, 
this  material  has  bend  properties  similar  to  a  steel 
containing  0.  004%  sulfur  and  0.  009%  phosphorus 
with  an  addition  of  0.  005%  cerium.  It  appears, 
therefore,  that  the  cerium  addition  is  beneficial  in 
reducing  the  adverse  effects  of  sulfur  and  phos¬ 
phorus,  and  hence,  the  liability  of  the  material  to 
initiate  cracks. 

The  instrumented  bend  test(^^)  which  also 
evaluates  the  liability  of  material  to  initiate 
cracks,  has  been  carried  out  on  a  number  of  ateels. 
m  this  tcsi. ,  the  test  specimen  is  bent  as  a  simple 
aer.m  supported  at  two  points  and  loaded  at  the 
rcntvsr.  The  ch  tnge  in  load  as  the  specimen  is 
bent  is  detected  by  a  load  cell,  the  signal  from 
wliich  is  passed  to  an  ampUfier  and  then  to  a  high- 
response  recorder.  As  the  test  proceeds,  the 
load  increases  to  a  maximum  and  -Jien  falls  at  a 
flow  rate  until  rapid  failure  occurs,  at  which  point 
the  load  falls  to  aero.  The  results  are  expressed 
as  the  difference  between  the  maximum  outer  fibre 
stress  and  the  outer  fibre  strress  at  which  rapid 
failure  occurs. 

The  results  for  1%  chromium-molybdenum 
steel,  2%  nickel-chrommm-molybdcnum,  and  18% 


FIGURE  3.  WIPE  BEND  TEST  PROPERTIES, 

1%  CHROMIUM-MOLYBDENUM  STEEL 

nickel-cobalt-molybdenum  maraging  steel  are  given 
in  Figure  4,  the  analyses  of  the  materials  bving 
given  in  Table  2. 

In  order  to  enable  different  materials  to  be  com¬ 
pared  more  easily,  the  bend  parameter  is  related 
to  the  material  tensile  strength  which  gives  a 
dimensionless  function.  This  is  defined  as  the 
crack  initiation  susceptibility  of  the  material,  i.  e.  , 

CIS  ■  Tensile  Strength 
Bend  Parameter  * 

It  will  be  observed  in  Figure  4  that  there  is  a  con¬ 
siderable  decrease  in  crack  initiation  susceptibility 
when  the  steels  ..re  made  from  higher  purity  materi¬ 
al  and  vacuum  indviction  melted,  this  decrease  being 
very  marked  at  high  strength  levels  irrespective  of 
steel  type. 

Some  earlier  work  which  has  been  reported^ 
on  the  2%  rickel- chromium-molybdenum  steel  in¬ 
dicated  that  in  one  batch  of  material  there  was  a 
variation  of  about  30  pe  r  cent  in  crack  initiation  sus¬ 
ceptibility  at  a  tensile  level  of  about  265  ksi  (118 
tona/sq  in.  ).  After  a  thorough  microscopical  exam¬ 
ination  of  the  various  bend  test  specimens,  it  was 
noted  that  the  one  havi.ig  the  greatest  CIS  contained 
irregular  inclusions  up  to  0.002-  inch  long,  whcreii'j 
the  inclusion  size  for  the  good  material  was  below 
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TABLE  2.  STEEL  COMPOSITIONS  AND  SPECIFICATIONS 


Melti'.g  Process  and  Base 

C 

Mn  Si 

S 

P 

Ni 

Cr 

Mo  Co 

Ti 

V 

Compositions* 


Air,  normal  purity 

0.31 

0,74 

0.26 

0.014 

0.010 

1.69 

0.  95 

0.  29 

- 

- 

- 

Vacuum  induction,  high 

purity 

0.38 

0.59 

0.21 

0.004 

0.001 

1.96 

0.77 

0.28 

- 

- 

- 

Air,  normal  purity 

0.32 

0.51 

0.22 

0.006 

0.014 

0.08 

1.  17 

0.25 

• 

Vacuum  induction,  high 

purity 

0.30 

0.  52 

0.20 

0.001 

0.002 

0.  17 

0.99 

0,20 

- 

- 

- 

Air,  normal  purity 

c.o: 

0.04 

0.  18 

0.005 

0.006 

18.  1 

4.8 

7.9 

0.  52 

Vacuum  induction,  high 

purity 

0.03 

0.02 

N.D. 

0.005 

0.006 

19.5 

- 

4.3 

8.9 

0.  98 

- 

Vacuum  induction,  high 

purity 

0.03 

0.05 

0.02 

0.005 

0.003 

18.7 

- 

5.2 

9.4 

1.3 

- 

Specifications* 

RS  140 

0.  38 

0.  50 

0.  10 

• 

• 

2.90 

0.90 

- 

0.  15 

XX»J  •  ITTW 

Max. 

0.43 

0.  70 

0.35 

O.CIO 

0.015 

0.30 

3.  30 

1.  10 

- 

- 

0.25 

*  Per  cent. 

Note;  N.D.  =  not  detectable. 
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FIGURE  4.  EFFECT  OF  MELTING  PROCESS  AND  STEEL  PURITY  ON  CRACK  INITIATION 
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0.0005  inch.  This  wa«  conaidered  adequate  evidence 
of  the  ability  of  the  inatrumented  bend  teat  to  meas¬ 
ure  the  effect  of  inherent  ateel  defecta  on  crack 
initiation. 

The  instrumented  bend  teat  has  also  been  used 
to  study  the  effect  of  tempering  temperature  and 
degree  of  decarburisation  on  the  crack  initiation 
susceptibility  of  air-melted  3%  chromium- 
molybdenum-vanadium  steel.  The  results  are 
given  in  Figure  5.  It  will  be  noted  that  there  is  a 
tendency  for  the  nondecarburized  material  to  be 
brittle  when  tempered  in  the  region  of  660-930  F 
(350-500  C),  and  that  a  considerable  decrease  in 
crack  initiation  susceptibility  is  evident  when  de- 
carburization  is  applied.  This  effect  extends  over 
the  whole  tempering  temperature  range  and  there 
is  no  evidence  of  embrittlement. 


FIGURE  EFFECT  OF  TEMPERING  AND  DE- 
CARBUUZATION  ON  CRACK  INITIATION  IN 
3%  Cr-Mo-V  STEEL 


The  effect  of  surface  treatment  on  crack  initia¬ 
tion  susceptibility,  as  measured  by  the  instrumented 
bend  test,  has  also  been  investigated.  In  these 
tests,  3%  chromium-molybdenum-vanadium  and 
18%  nickel-cobalt-molybdenum  maraging  steels 
were  examined.  Specimens  were  tested  with  no 
surface  treatment,  after  vacublasting  and  phoa- 
phating,  and  finally,  after  vacublasting,  phosphat- 
ing,  and  baking  for  four  hours  at  390  F(200  C). 

The  results  of  these  tests  are  given  in  Tables  3 
and  4,  and  it  will  be  observed  that  the  greatest 
susceptibility  to  crack  initiation  is  produced  by 
vacublasting  and  phosphating  the  material.  Baking 
after  vacublasting  and  phosphating  generally  re¬ 
stores  the  original  crack  initiation  susceptibility. 

Tests  were  also  made  on  the  maraging  uteel 
at  -94  F  (-70  C)  with  no  surface  treatment,  and 
also  on  both  steels  at  room  temperature  after  im¬ 
mersion  in  water  daily  for  seven  days.  The  tests, 


TABLE  3.  EFFECT  OF  SURFACE  TREATMENT 
AND  TEST  CONDITIONS  ON  CR/iCK 
INITIATION  SUSCEPTIBILITY  OF  AIR- 
MELTED  3  PER  CENT  Cr-Mo-V  STEEL 


C.I.S. 
Tensile 
Strength*  * 

Surface  Treatment  Test  Bend 

After  Heat  Treatment  Temperature*  Parameter 


None 

In  air 

8.3 

Immersed  in  water 

Under  water 

7.8 

and  dried  each  day 

In  air  , 

10 

for  seven  days 

specimen  wet 

Vacublast 

In  air 

7.8 

Vacuhlast  and 

In  air 

16 

phosphate 

Vacublast,  phosphate. 

In  air 

9.7 

and  bake  4  hrs. 

390  F  (200  C) 

*  Tested  at  room  temperature. 

**  Tensile  strength  262  ksi  (117  tons/sq.  in. ). 


TABLE  4.  EFFECT  OF  SURFACE  TREATMENT 
AND  TEST  CONDITIONS  ON  CRACK 
INITIATION  SUSCEPTIBILITY  OF 
VACUUM  INDUCTION  MELTED  18% 
Ni-Co-Mo  MARAGING  STEEL  CON¬ 
TAINING  1%  Ti. 


C.I.S. 


Surface  Treatment 
After  Aging 

Test 

Conditions^*) 

Tensile 

Strength^^) 

Bend 

Pa  rameter 

None 

In  air 

7.  1 

Dry  ice  and 
meths(®) 

7.  1 

Immersed  in 

Under  wate  r 

7.4 

water  and  dried 

In  air. 

8.  8 

each  day  for 

specimen  wet 

seven  days 

Vacublast 

In  air 

8.  3 

Vacublast  and 

In  air 

8.8 

phosphate 

Vacublast,  phos- 

In  air 

7.  1 

phate  bake  4  hrs. 
390  F  (200  C) 


(a)  Tested  at  room  temperature. 

(b)  Average  of  four  tests  in  most  cases 
tensile  strength  3li  ksi  (142  tona/sq.  in. ) 

(c)  Tested  at  -94  F  (-70  C). 

after  immersion,  were  done  both  under  water  and 
in  air  with  the  specimen  wet.  The  results  are  in¬ 
cluded  in  Tables  3  and  4  and  indicate  that,  in  the 
case  of  maraging  steel,  no  increase  in  crack  initia 
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tion  8U8ceptibilit/  i8  obtained  by  te8tin|g  at  -94  F 
(-70  C).  There  ia,  however,  a  alight  increaae 
with  both  ateela  when  the  apecimen  ia  given  the 
water-immeraion  treatment  and  teated  in  air  with 
the  apecimen  wet. 

From  a  conaideration  of  the  two  forma  of 
teat,  the  atandard  wide  bend  and  the  inatrumented 
bend,  it  would  appear  that  both  teata  meaaure  the 
crack  initiation  auaceptibility  of  the  material  and 
that  the  inatrumented  bend  teat,  apparently,  alao 
meaaure  a  the  eaae  of  alow  crack  propagation  up 
to  the  atage  of  unatable  faat  fracture.  In  the 
caae  of  the  inatrumented  bend  teat,  certain  curvea 
produced  have  ahown  two  diatinct  zone  a  with  a 
change  in  alope  of  the  load-time  curve  taking  place 
at  a  certain  point,  thia  occurring  prior  to  the  on- 


aet  of  UBstsbla  fracture.  It  would  appear  that 
theae  two  zonea  may  relate  to  the  deformation  be¬ 
fore  crack  .nitiation  and  to  the  alow  propagation  of 
the  crack.  If  thia  can  be  aubatantiated ,  then  the 
inatrumented  bend  teat  ahould  fulfill  a  very  uaeful 
purpoae  aa  it  appeara  to  be  aenaitive  to  ateel  pur¬ 
ity,  aurface  condition,  aurface  treatment,  and 
alao  teat  environment. 

CORRELATION  OF  CRACK  INITIATION  SUSCEPTI¬ 
BILITY  WITH  TUBE  AND  CASE  BEHAVIOUR 

In  order  to  eatabliah  whether  the  inatrumented 
bend  teat  could  differentiate  between  aatiafactory 
and  unaatiafactory  rocket  caaea,  which  waa  aug- 
geated  in  an  earlier  paper,{13)  a  Urge  number  of 
teata  werr  made  on  different  materiala,  the  re- 
Bulta  of  which  are  given  in  Table  a  5  and  6.  The 


TABLI  S.  RESULTS  OF  HYDRAUUC  BURST  TESTS  AT  ROOM  TEMPERATURE  AIR-MELTED  3*  CHROMIUM-MOLYBDENUM-VANADIUM  STEEL 


Componont  H««t  Tf««tin«nt 

Tub«  Oil  quanch  and  tampar 

570  F  (300  C) 


Oil  quaach  and  tampar 
MO  F  (450  Cl 


Oil  quaach  aad  lampar 
lOZO  F  (550  C) 


Oil  quaach  and  lampar 

1110  F  ,400  Cl 


Marquaaah  and  lampar 

570  F  (100  Cl 


Caaa  Oil  quanch  aad  lampar 

840  r  (450  Cl 

Oil  quaach  and  lampar 
5'.0  F  (500  Cl 


Oil  quaach  and  lampar 

ie»o  r  (550  Cl 


Marquanch  aad  lampar 

570  r  (100  Cl 


0«CRrbariaAtiofi,  Tcnaili 
(in.  a  10*1  kai 

B«nd 

StrcBftli 

t«i  kai  tai 

UltimBt* 

hai 

Hoop  Stroai 

t«i 

Structural 

Efficiancy 

UKS/TS 

Crack  Initiation 
f  uacaptlbility  (CIS) 
Tsnsila  Slrarath 
Baad  Parameter 

il’w 

c 

260 

116 

15 

6.7 

a:41 

100 

0.43 

17 

mJC 

250 

115 

ISO 

112 

0.40 

17 

260 

116 

240 

11! 

0.96 

17 

264 

110 

235 

105 

0.40 

II 

i.i 

250 

112 

76 

34 

262 

117 

1.04 

3 

.  ) 

250 

112 

262 

110 

1.05 

.  3 

4-1 

246 

110 

146 

65 

266 

114 

1.00 

1 

7 

246 

110 

253 

113 

1.03 

1 

7 

lA 

110 

250 

115 

1.04 

1 

,  7 

244 

MO 

250 

112 

1.02 

.  7 

0 

241 

100 

4,< 

4.3 

144 

04 

0.02 

IS 

244 

110 

224 

100 

0.  51 

25 

4-t 

220 

102 

114 

52« 

222 

44 

0,  97 

1 

4 

220 

lOi 

226 

lOi 

0.44 

.4 

0 

244 

104 

21 

4.2 

226 

101 

0.  41 

u 

244 

tOf 

10) 

0.44 

u 

i-5 

224 

100 

T.S. 

T.S. 

iSS 

105 

1.05 

0 

iJ5 

105 

T.S. 

T.S. 

244 

104 

1.04 

0 

224 

lOf* 

T  S. 

T.S. 

2)1 

104 

1.04 

1 

0 

224 

100 

T.S. 

T.S. 

liO 

10) 

1.0) 

1 

0 

0 

215 

105 

4S 

20 

250 

lU 

I.Ot 

) 

7 

2)7 

104 

47 

25) 

ID 

1.04 

) 

0 

i-5 

M 

T  S. 

T.S 

i!0 

10) 

1  07 

1 

0 

ill 

07 

T.S 

r.s. 

2)7 

104 

1.04 

1 

0 

25) 

250 

240 

1 1 1 

1  If 

Ilf* 

110 

110 

no 

44 

44 

44 

270 

202 

240 

U1 

uo 

1.07 

1.04 

1.0) 

i. 

1 

i. 

1 

I 

•0 

05 

•5 

440 

.440 

.440 

iU 

1  17 

no 

44 

200 

124 

1. 07 

2. 

4 

05 

440 

240 

107 

0) 

)T 

244 

114 

1.0)  (1  til 

2. 

4 

• 

0 

<IT 

104 

n 

s 

ISO 

67 

e  6)  10. 01) 

21 

i-5 

2K 

101 

40 

40 

xn 

105 

1.02  (I.Okl 

2. 

6 

. 

i-5 

224 

101 

T.S. 

T.S. 

250 

1 15 

1  1 '  1 1  061 

1. 

0 

iil 

to 

r  s. 

T  5 

250 

115 

1  14  (1  001 

1. 

0 

lii 

lO  1 

T.S 

T  S, 

250 

1  IS 

1  I)  II  061 

1. 

0 

224 

101 

T.S 

T  S 

240 

116 

1  It  II  67) 

1. 

0 

0 

245 

\u 

7 

% 

164 

7) 

0.  56  (0  TOl 

44 

. 

i-5 

itM 

110 

1  10 

44 

1)' 

1.  II  11.051 

2 

4 

•00 

iM 

114 

1 10 

44 

J4S 

112 

1.  14  (1.07) 

2. 

) 

•s. 

060 

lU 

1 10 

no 

44 

204 

124 

04  (I.MI 

2 

4 

#•0 

2M 

110 

1  ■ 

44 

200 

ID 

1.  12  II  061 

2. 

4 

•*. 

1*4 

•  Tamparad  at  750  F  (400  Cl. 
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tabu:  6.  RJESULTS  OF  HYDKAUUC  BURST  TESTS  AT  ROOM  TEMPERATURE  IM  NICKEL-COBALT-MOLYBDENUM  STEEL 


Crftck  Initiation 

Toncila  Band  Ultimata  Hoop  St/uctural  Suacaptlbility  (CIS) 

StrangtK  Paramatar  Strata  Zlfipiancy  Tanaila  Stranith  “'c 

Staal  Componant  Haat  Traatmant  kai  tal  kai  tai  k'i  tal  UHS/TS  Band  Paramatar  pai.yl^ 


Air  melt. 

Tube 

3  houro  ot  &S0  F  (360  C) 

241 

108 

99 

0.  i%  Tl 

3  houro  St  SOS  F  (430  C) 

293 

131 

9 

3  hours  St  S9S  F  (4S0  C) 

305 

136 

4. 

VscuiuB  induction 

Tube 

3  houro  St  SOS  F  (430  C) 

264 

118 

92 

molt,  1. Oli  Ti 

3  hours  St  S9S  F  (4S0  C) 

305 

136 

56 

3  hours  St  930  F  (SOO  C) 

311 

139 

52 

3  hours  St  930  F  (SOO  C) 

315 

141 

52 

1510  F  (S20  C)  4^  3  hours 

317 

142 

58 

St  S95  F  (4S0  C) 

1510  F  (S20  C)  4  3  hours 

315 

14; 

48 

St  930  F  (SOO  C) 

ISIO  F  (S20  C)  4  3  hours 

313 

140 

38 

St  970  F  (520  C) 

Caoo 

3  hours  St  S9S  F  (4S0  C) 

315 

141 

56 

3  hours  St  930  F  (900  C) 

313 

140 

52 

1510  F  (S20  C)  4  3  hours 

305 

136 

58 

St  S95  F  (4S0  C) 

ISIO  F  (S20  C)  4  3  hoi  t 

307 

137 

48 

St  930  F  (SOO  C) 

Vacuum  induction 

Tube 

3  hours  St  930  F  (500  C) 

325 

145 

34 

molt,  1.3«  Ti 

1510  F  (820  C)  4  3  hours 

325 

145 

49 

St  930  r  (500  C) 

Tube* 

3  hours  St  930  F  (900  C) 

317 

142 

• 

1510  F  (820  C)  4  3  hours 

325 

145 

- 

at  S30  r  (!00  C) 


Taata  at  -13  r  (-2$  C). 

materials  tested  included  three  types  of  18% 
nickel-cobalt-molybdenum  maraging  steels  with 
different  levels  of  titanium,  and  3%  chromium- 
molybdenum-vanadium  steel  to  Specification  RS. 

140  (see  Table  2)  in  both  decarburized  and  non- 
decarburised  conditions. 

In  rrder  to  enable  the  different  materials  to  be 
compared  more  easily,  the  crack  initiation  sus¬ 
ceptibility  has  been  related  to  the  structural  ef¬ 
ficiency  of  the  rocket  c^se  or  tube,  defir.  d  as 
the  ratio  of  ultimate  hoop  stress  to  tensile  st;ength. 
For  a  satisfactory  structural  efficiency,  accord¬ 
ing  to  Mises  Hencky,  this  ratio  should  ba  greater 
than  i.  0  for  a  complete  rocket  case.  A  large 
number  of  the  tests  wer«,  however,  made  on  open- 
e  ded  tubes,  and  these  were  tested  with  end  plugs 
held  with  tie  rods  thus  reducing  the  end  load.  Be¬ 
cause  of  this  method  of  testing,  the  Mises  Hencky 
effect  does  not  apply  and  a  satisfactory  structural 
effi  ciency  is  obtained  with  a  ratio  of  about  1.0.  It 
has  also  been  observed^^^)  that  when  a  complete 
case  is  unsatisfactory,  it  has  a  lower  ratio  than 
the  equiv  alcnt  open-ended  tube. 

In  order  to  enable  the  results  for  cases  aiul 
tubes  to  be  cembined  on  the  same  graph, a  correc¬ 
tion  factor  has  ceen  applied  to  the  case  ratios  and 
the  corrected  valu<^s  are  shown  in  brackets  in 
Tables  S  and  b.  The  empirical  correction  applied 
is  as  follows; 


The  results  are  plotted  in  Figure  6  from  which 
It  will  be  seen  that  there  .s  a  good  correlation. 


44 

250 

112 

1.04 

2.4 

4 

273 

122 

0.93 

32 

. 

2 

278 

124 

0.91 

68 

- 

41 

264 

118 

1.00 

2.9 

25 

309 

138 

1.01 

5.4 

23 

313 

140 

1.00 

6.0 

140,000 

23 

M3 

140 

0.99 

6  1 

140,000 

26 

309 

138 

0.97 

5. 

- 

22 

320 

143 

;.01 

6.4 

- 

17 

309 

138 

0.98 

8.2 

- 

25 

336 

150 

1.06  (1.C3) 

5.6 

23 

338 

151 

1.07  (1.03) 

6. 1 

140,000 

25 

336 

150 

1.  10  (1.05) 

5.2 

- 

22 

336 

150 

1.09  (1.04) 

6.2 

- 

15 

334 

148 

1.02 

9.7 

22 

331 

149 

1.03 

6.6 

- 

329 

147 

1.03 

• 

331 

149 

1.03 

. 

satisfactory  burst  test  results  lying  within  the 
hatched  area.  It  is  also  apparent  that  the  crack 
initiation  susceptibility  factor  should  be  less  than 
10  for  satitfactory  structural  efficiency, 

Sonie  points  are  also  included  in  Figure  6  for 
a  titanium  alloy  containing  approximately  15% 
molybdenum.  The  fact  that  these  points  fit  the  re¬ 
lationship  IS  attributed  to  the  use  of  parameters 
which  are  functions  of  tensile  strength. 

The  results  included  in  Figure  b  cover  a  wide 
range  of  material  tensile  strengths,  the  highest 
hoop  burst  strength  being  336  ksi.  Results  of  tests 
tsrried  out  at  -13  F  (-25  C)  are  also  given  in  Table 
6. 

Some  of  the  unsatisfactory  structural  efficien¬ 
cies  shown  in  Figure  6  have  been  achieved  by  using 
3%  chronuum-molybde.ium-vanadium  steel  without 
surface  decarburisation  and  the  good  results  have 
been  achieved  from  correctly  dccarburiscd  materi¬ 
al.  In  the  case  of  18%  nickel-cobalt-molybdsnum 
maraging  steel,  the  low  results  have  been  obtained 
from  air-melted  material  and  the  good  results  from 
high-purity  vacuum-induction-melted  material. 

In  order  to  provide  a  comparison  of  previous 
results  with  crack  propagation  properties,  plans 
stress  fracture  toughness  values  were  obtained 
on  the  3%  chromium-motybdenum-vanadium  steal 
and  th  18%  mckel-cobalt-molybdenum  steel. 

These  results  arc  inc'-led  in  Tables  5  and  6  and 
are  average  values. 


133 


riC»:  RE  6.  CORRELATION  OF  BEND  TEST  RESULTS  WITH  STRUCTURAL  EFFICIENCY  OF  TUBES 
AND  CASES 


The  values  quoted  were  obtained  from  2- 
inch  wide,  edge-notched  specimens  with  a  notch 
depth  of  about  0.  3  inch.  The  notch  roots  were 
both  fatigue  cracked  and  eroded  in  the  3% 
chromium-molybdenum-vanadium  steel  and  the 
specimen  thickness  was  0.  077  inch.  The  notch 
roots  were  fatigue  cracked  in  the  18%  nickel-cobalt- 
molybdenum  iiteel,  and  the  specimen  thickness 
was  0.  058  inch.  All  the  results  \  ere  corrected  to 
actual  Kf.  values. 

DISCUSSION 

When  full  consideration  is  given  to  the  results 
obtained  from  the  large  number  of  hot-crack  tests 
carried  out  on  the  various  materials,  it  appears 
that  a  solution  to  the  welding  problem  with  respect 
to  liability  to  crack  initiation  m  the  weld  aone  is 
becoming  closer.  It  is  also  apparent  that  if  an  ex¬ 
tremely  low  crack  susceptibility  factor  is  obtained 
on  the  parent  material  (i.  e.  ,  a  CSF  well  Inflow  10 
and  approaching  aero),  then  there  is  little  liheli- 
hood  of  minute  bot  tears  or  grain-boundary  weak¬ 
ness  of  a  similar  nature  occurring  in  the  welded 
sons,  thus  fracture  initiation  points  in  this  rone 
will  virtually  be  absent.  It  is,  of  course,  as¬ 
sumed  that  the  welding  techniques  wilt  be  under 
close  control  to  avoid  porosity,  slag  inclusions, 
and  lack  of  penetration,  which  is  practicable  pro¬ 
vided  the  necessary  precautions  are  taken. 


When  the  helical  welding  process  is  used  for 
the  manufacture  of  rockvi-motor  cases,  some  re¬ 
duction  in  weld-aone  strength  can  be  tolerated  com¬ 
pared  with  the  parent-metal  strength.  This  reauc¬ 
tion  ill  weld  strength  confers  somewhat  greater 
ductility  on  the  weld  zone.  When  sound  welds  are 
achieved  by  closely  r'>ntrolled  material,  as  de¬ 
scribed  earlier,  and  some  general  increase  in 
ductility  is  obtained  by  the  use  of  the  softer  helical 
weld,  then  there  is  little  likelihood  of  fracture 
initiating  in  the  weld  zone.  This  satisfactory  state 
of  affairs  is  well  illustrated  in  Figure  7  which  ehows 
a  rocket-motor  rase  which  failed  at  a  hoop  stress 
of  336  ksi  (150  tons/sq  in.).  This  case  was  fabrica¬ 
ted  by  helical  weld  ng,  and  it  will  be  observed  tlwt 
after  failure,  two  parts  of  the  care  are  being  heM 
together  by  an  uncracked  weld. 

It  is  also  of  interest  to  note  that  of  four  motor 
cases  of  this  type  tested,  all  failed  within  the  range 
336-338  ksi  ( 150/151  tons/sq  in.  ),  indicating  that 
there  was  no  lack  of  consistency  in  the  weld  sone. 
These  four  cases  were  fabricated  from  steel  made 
using  the  best  possible  melting  techniques,  i. e.  , 
high-frequency  vacuum  mcliing  using  high-purity 
base  materials.  The  steel  gave  a  crack  suscepti¬ 
bility  factor  (CSF)  of  aero  and  a  crack  initiation 
susceptibility  (CIS)  of  5.  2-6.  2. 

It  would  appear  from  the  investigation  of  weld 
hot-crack  susceptibility  that  it  should  be  possible 
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FIGURE  7.  MAit^GING  STEEL  MOTOR  CASE 
SHOWING  WELD  UNBROKEN,  ULTIMATE 
HOOP  STRESS  150  TONS/SQ  IN.  ([336,000  p«i) 


to  deaign  i  tte*!  composition  specilically  tr  gi.e 
the  best  possible  welding  propertiei  with  respect 
to  hot  crat-king.  The  liability  of  a  steel  to  cold 
cracking,  although  not  mentioned  in  detail  in  this 
paper,  has  not  been  forgotten,  but  it  is  considered 
that  provided  the  hydrogen  level  of  the  weld  sone 
IS  kept  low  and/or  a  certain  minimum  level  of 
pre-  anu  |>c«*-heat  is  applied  duriii|{  welding, 
cracks  o  this  nature  can  be  avoid<»d  completely. 


When  crack  -  itiatton  is  prevented  in  the  weld 
sone,  the  crack  initiation  sites  witliin  the  parent 
metal  assume  major  significance.  Work  in  this 
paper  has  shown  how  bend  tests  can  evaluate  the 
crack  initiation  susceptibiUty  of  the  parent  ma¬ 
terial  and  has  indicated  which  factors  affect  crack 
initiation. 


The  marked  adverse  effect  of  impurities  in 
the  steel  on  crack  initiation  in  both  the  wide  bend 
"d  inatrunientcil  bend  testa  has  been  demonstrsted 
*ud  it  would  s|^«ar,  ss  in  the  case  of  hot  cracking, 
that  the  im)Mirity  levt^l  of  the  siee'l  should  bn  main¬ 
tained  as  low  ss  possibls.  It  is  also  likely  that 
the  addition  of  certain  elements  may  counteract 
impcritiea  in  the  ateel  atfd  one  such  case  is  ths 
adaiiion  of  cerium.  By  using  pure  niaterials, 
even  higher  strengths  appear  posiiihlir;  an  example 
be  '.g  an  18  ,'  ciickel-c»balt-molybdsr.u.D  maraging 
ateel  containing  .2.  Z%  titanium  which  gave  a  tensile 
strength  of  }74  kai  (167  tona/sq  in.)  ami  reduction 
in  area  of  "55  per  cert.  Ths  broken  test  pises  is 


shown  in  Figure  8,  and  a  ductile  cup  and  cone 
fracturi  was  obtained. 


FIGURE  8.  MARAGING  STEEL  TEST  PIECE, 
TENSILE  STRENGTH  167  TONS/SQ  IN. 
(374,000  psi) 


Other  factors  which  affect  the  crack  iidtiation 
susceptibility  of  the  steel  are  the  surface  condition 
and  treatment  of  the  material,  and  the  test  environ¬ 
ment,  all  of  which  may  have  an  effect,  depending 
upon  the  type  of  steel  used. 

A  satisfactory  correlation  between  crack  initia¬ 
tion  susceptibility  and  structural  efficiency  has 
been  demonstrated  for  rocket  cases  and  tubes 
fabricated  by  helical  welding.  This  correlation 
indicates  that  the  instrumented  bend  test  is  an  ef¬ 
fective  mtians  of  evaluating  material  for  rocket- 
case  manufacture.  It  is  also  considered  tha-  a 
bend  test  could  well  be  incorporated  with  eve  y 
fabrication  in  order  to  determine  that  the  heat 
treatment,  level  of  decarhurisation ,  and  any  other 
surface  treatment  had  been  carried  out  in  a  satie- 
factory  manner. 

The  bend  parameter  is  shown  as  a  function  of 
the  tensile  strength  in  the  correlation  with  case 
and  tube  properties  shown  in  Figure  6,  and  this 
method  of  plotting  is  used  in  order  to  enable  differ¬ 
ent  metiils  other  than  eteel  to  be  compared.  In 
view  of  this.  It  is  considered  that  when  a  sufficient 
amount  of  testing  has  been  carried  out,  it  should 
be  possible  to  use  crack  initiation  ausceptibility 
(CIS)  aa  a  design  criterion  for  thin-wall  caeca. 

Finally,  eomc  mention  should  be  made  of 
crack  propagation  and  in  thie  connection,  it  is 
interesting  to  compare  the  reeulte  of  burst  teste 
with  both  crack  initiation  and  crack  propagation 
properties  for  the  i%  chromium-molybdenum- 
vanadium  and  18%  nickel-ccbalt-molybdenum  ateela. 
This  compariaon  ia  made  in  Table  7,  and  it  will  be 
obeervsd  that  a  high  Kc  value  does  not  ncceaaarily 
give  a  high  structural  efficiency,  since  the  higher 
efficiencies  were  obtained  with  the  lower  values. 

In  fact,  the  crack  initiation  susceptibility  (CIS) 
gives  a  better  indication  of  structural  efficiency 
in  this  instance. 

It  ia  apparent  from  TabU*  7  that  the  ateel  having 
ths  higher  rcsis  nee  to  crack  propagation  also  has 
the  greater  susceptibility  to  crack  initiation,  whereas 
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TABLE  7.  EFFICIENCY  OF  CASES  AND  TUBES  WITH  CORRESPONDING  CRArK  PROPAGATION  AND 
CRACK  INITIATION  PROPERTIES 


Yield 

Strength 

Structural  Efficiency, 
Ultimate  Hoop  Stress, 
Tensile  Strength 

Kc 

Crack  Initiation  Susceptibility 
(CIS),  Tensile  Strength 

Steel 

ksi 

tsi 

Tube 

Case 

psi.  -yinT 

Bend  Parameter 

3%  Cr-Mo-V, 
air  melted 

205 

92 

1.03-1.09 

1.09-1.  14 

85,000 

2.  3-2.4 

18%  Ni-Co-Mo-  1. 0%  Ti 
vacuum  induction  melted 

278 

124 

1.00-1.01 

1.03-1.09 

140,000 

6.0-6.  1 

the  ideal  ,teel  should  have  a  high  resistance  to 
c^ack  propagation  combined  witi.  a  low  crack  initia¬ 
tion  susceptibility.  This  could  be  in  important 
result,  since  it  highlights  the  need  ior  more  work 
on  those  factors  aflecting  crack  initiation  and  sug¬ 
gests  that  an  evaluation  oi  high-strength  steel  in 
terms  of  K^.  only  may  not  be  adequate. 

CONCLUSIONS 

The  effect  of  steel  composition  on  the  liability 
of  high-strength  steels  to  weld  hot  cracking  has 
been  demonstrated  for  low-alloy  high-strength 
steels.  A  formula  based  on  material  composition 
has  been  proposed  which  allows  accurate  calcula¬ 
tion  of  material  hot-crack  resistance.  It  is  con¬ 
cluded  that  when  the  hot  crack  suscept  bility  of 
steel  approaches  sero,  there  is  little  likelihood  oi 
crack  initu  ,ion  in  the  weld  zone  from  this  cause. 

Crack  initiation  m  the  parent  material  is 
shown  to  be  markedly  affected  by  steel  purity,  in 
addition  to  the  general  alloy  content  of  the  steel. 

The  effect  of  surface  condition  of  the  material  on 
crack  initiation  is  quite  marked  especially  with 
respect  to  decarburization  in  3%  chromium- 
mclybdenum-vanadium  steel.  The  effect  of  other 
surface  conditions  is  not  so  marked,  although  tlie 
need  for  baking  after  phesphating  has  been  demon¬ 
strated. 

In  the  case  of  the  18%  iiickel-cobalt-molybdenum 
maraging  steel,  reducing  the  test  temperature  to 
-94  F  (-70  C)  has  no  effect  on  crack  initiation  sus¬ 
ceptibility.  Testing  steels  after  immersion  in 
water  and  in  the  wet  condition  in  air  produces  a 
slight  increase  in  crack  initiation  susceptibility. 

A  satisfactory  correlation  has  been  established 
between  the  crack  initiation  susceptibility  (CIS)  us¬ 
ing  the  instrumented  bend  test,  and  the  efficiency  of 
helically  welded  rocket  cases  and  tubes.  This  has 
been  demonstrated  for  certain  steels  and  a  titanium 
alloy.  It  IS  concluded  that  this  test  constitutes  a 
reliable  mcaius  of  establishing  rocket-case  perform¬ 
ance  and  could,  therefore,  be  used  as  a  design  cri¬ 
terion.  It  <s  proposed  that  the  CIS  should  be  less 
than  10  for  natisfactory  thin-wall  case  behavior. 

I'rom  tie  limited  number  of  crack  propagation 
tests  made,  it  appears  that  a  steel  with  a  high 


plane.stress  fracture  toughness  (Kc  value)  may  have 
a  relatively  high  crack  initiation  susceptibility  (CIS). 
It  is  considered,  therefore,  that  further  work  should 
^  cniTied  out  on  factors  affecting  crack  initiation  in 
high-strength  steel,  since  the  CIS  of  a  steel  is  not 
included  in  its  value.  Furthermore,  a  steel  with 
a  low  CIS  may  not  necessarily  reqmre  a  high  to 
give  a  satisfactory  performance. 
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A  SURVEY  OF  THE  FATIGUE  ASPECTS  IN  THE 
APPLICATION  OF  ULTRAHIGH-STRENGTH  STEELS 

by 

S.  R.  SwaiiBon* *• 


SUMMARY 

The  fatigue  Urength  of  many  .  Itrahigh- 
strength  steel*  will  be  presenlcd  as  found  in  the 
literature,  together  with  a  d.scussion  of  the  short- 
c  nnings  of  the  present  state-of-the-art  method  of 
expresfing  fatigue  strength;  i,  e.  ,  the  "endurance 
limit".  The  increa  a  irr.pcrtance  of  fatigue 
strength  or  weakness  in  the  application  of  such 
steels  demands  the  use  of  a  sounder  criterion, 
especially  in  the  Taht  of  recent  statistical  discov¬ 
eries  regarding  the  bimodal  bena'-hour  of  constant 
amplitude  fatigue  endurance  in  the  region  of  the 
"endurance  limit", 

A  new  criterion  is  put  forward,  namely,  the 
fatigue  strength  (in  terms  of  Root  Mean  Square 
Stress)  for  1  million  cycles  of  a  Rayleigh  distr’bu- 
tion  of  stress  amplitudes.  Such  a  test  is  statisti¬ 
cally  unique,  quite  simply  obtained  by  exciting  a 
single-degree-of-freedon  system  containing  the 
specimen  with  random  no'  e,  and  can  often  he  ap¬ 
plied  directly  to  wervice  problems  withoui  resort¬ 
ing  to  tenuous  cuniulaiive  damage  theories.  An 
example  of  the  applicatK>n  of  this  criterion  (from 
a  small  number  of  Rayleigh  teats)  to  assess  the 
fatigue  life  of  the  DHC  Hydrofoil  main  foil  (to  be 
made  from  250  ksi  Y.  S.  maraging  steel)  will  be 
presented. 

A  brief  compirison  of  the  fatigue  strength  of 
maraging  steels  manufactured  by  different  r  -thods 
will  oe  given  for  v,-irious  test  conditions  (e.  g.  ,  air, 
saltwater  corrosion,  butt  welded,  etc.  )  to  indicate 
what  compromises  in  the  selection  of  rnanufactur- 
ing  processes  can  be  ir.ade  if  the  ultimate  appli- 
catio  is  kept  in  mm  .  Some  findings  on  notched 
specimen  fatigue  will  be  given  m  the  appendix.  A 
short  discussion  of  scale  effect  in  the  fatigue  of 
maraging  steels  will  .ilso  he  included  in  the 
presentat  ion. 

INTRODh'CTlCN 

A  natural  startiri^  nomt  for  any  discussion  of 
the  fatigue  strength  '  steels  is  Boilers'  famous 
figure,  shown  as  Fig  re  la  of  th'S  report.^ 

This  figure  shows  lh>  "fatigue  ratio"  for  what  are 
now  considered  the  "soft"  steels.  In  earlier 
days,  one  could  almost  rely  on  any  steel  having  a 
basic  endurance  limit  of  about  half  the  ultimate 
tensile  s'  ren  with  appropn  ite  reductions  due 
to  notching  or  hostile  environments. 

•  The  uuthor  is  associated  with  The  De  Havilland 

Aircraft  of  Canada  Limited,  Malton,  Ontario, 

Canada 

*•  Rr fr  rence.i  are  given  on  page  M2, 


The  upper  limit  of  Bullens'  range  of  ultimate 
tensile  strength  represents  the  minimum  yield 
strength  for  the  class  oi  steels  we  .ire  concerned 
with  today.  I  have  just  completed  i  survey  simi¬ 
lar  to  Bullens'  (Figure  lb)  for  steels  with  0.2  per¬ 
cent  proof  strengths  greater  than  220,  000  psi. 

The  data  and  the'r  source  arc  list'jd  in  Table  1. 
While  this  figure  is  no  doubt  incomplete,  it  does 
show  the  presence  of  a  "fatigue  barrier".  Re¬ 
gardless  of  the  static  strength,  rhe  endurance 
limit  appears  to  be  limited  to  about  120,  000  psi. 

Why  should  we  be  worried  about  this  barrier? 
To  begin  with,  these  modern  steels  represent 
what  might  be  considered  as  the  designer's  "high- 
priced  help".  He  would  be  foolish  to  gc  to  the  in¬ 
creased  expense  of  calling  up  such  materials  if 
they  were  not  going  to  be  efficiently  utilized. 

Such  utilization  in’,'olves  high  stress  levels. 

While  ther  are  certain  applications  \eucb  as  in 
undercarriage  design)  which  result  in  predomin¬ 
antly  compressive  ■  tress  histories,  there  are  a 
growing  number  of  applications  involving  sym¬ 
metrical,  or  cveti  predominantly  tensile  load 
histories.  Because  these  load  histones  are 
usually  of  a  cyclic  or  variable  nature,  the  fatigue 
strength  is  ar  ali-important  quantity. 

One  such  application  is  the  Canadian  FHE-400 
hydrofoil  vessel  shown  in  Figure  2.  This  applica¬ 
tion  not  O'^y  benefits  from  the  use  of  ultrahigh- 
strength  steel,  its  use  is  mandatory  if  the 
structural  design  is  to  be  feasible  at  all,  from  the 
fabrication  viewpoini. 

The  most  vital  load-carrying  omponent  in 
this  striirtiire  is  the  main  foil,  shown  in  Figure  5. 
This  member  is  hydrodynamic  ally  loaded  i.n  a 
manner  siniilai  in  many  respects  to  an  aircraft 
wing.  There  is,  for  instance,  a  steady  tensile 
"l-j"  loading  t  ipponing  the  vessel  when  foil- 
borne  in  calm  water.  Superimposed  on  this 
steady  load  it  the  variable  load  history  which  re¬ 
sults  from  passage  through  turbulent  r  as,  which 
IS  similar  to  the  'light  of  an  aircraft  Krough  a 
patch  of  atmospheric  turbulence. 

Figure  4  shows  the  structural  details  of  the 
centre  section  of  the  mam  foil.  The  material 
chosen  for  this  foil  it  18%  nickel  maraging  steel 
heat  treated  to  obt.'^in  a  yield  strength  of  250,000 
pei,  (See  the  Appendix.  )  The  use  of  such  a  ateel 
IB  a  typical  example  of  the  sort  of  situation  for 
which  this  symposium  is  being  held.  It  is  a  rela¬ 
tively  new  material,  and  confidence  in  its  wide- 


Note;  Tables  start  on  pnge  14),  figures  on  psge  150, 
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spread  use  is  being  delayed  or  hampered  by  lack 
of  information  on  its  load-carrying  limitations. 

In  order  to  assess  the  fatigue  behavior  of  this 
material,  an  extensive  test  program  desciib'^  1 
briefly  in  Figures  5a  and  5b  was  undertaken.  All 
tests  thus  far  have  been  carried  out  at  room  tem¬ 
perature,  The  air  teats  have  been  carried  out  in 
rooms  where  the  relative  humidity  varied  in  a 
normal  lashior  .  ’■  '  number  of  additional  test 

programs  were  carr.td  v  at  which  are  not  shown 
in  Figure  5  for  clarity.  Many  oi  these  have 
already  been  described  in  Referer  es  7  and  8. 

The  test  program  to  study  Jnconel  718  (Figure  14), 
the  material  chosen  for  the  leading  edge  of  she 
foil  ,  was  also  omitteu  but  will  be  dircuiised  in 
this  paper. 

A  CRt  fERION  FOR  FATIGUE 
STRENGTH 

The  Use  of  the  Criterion  "Endurance  Limit" 

The  ;^ndurance  limit  ie  ti  iditionally  defined  as 
the  gr&atest  stress  amplitude  which  can  be  sus¬ 
tained  in  constant  amplitude  sinusoidal  loading  by 
a  material,  without  causing  failure.  While  there 
were  a  significant  number  of  'soft'  steels  (and  a 
few  other  materials)  in  the  past  which  could  be 
represented  as  having  a  definite  endurance  limit, 
the  vast  majority  oi  modern  practical  materials 
do  not  possess  such  a  definite  demarcation  in  their 
S-ii  Curves.  The  criterion  is  usually  qualified, 
to  cater  to  this  situation,  by  referring  to  a 
spec  if  ic  endurance,  such  as  10  million  cycles. 

There  are,  unfcrtunaiely,  other  character¬ 
istics  of  'hard'  steels  aside  from  the  continuously 
sloping  S-N  curve  which  render  the  accurate 
establislinient  of  the  quantity  almost  impossible, 
at  least  from  an  economic  viewpoint. 

F rom  the  preliminary  rotating  beam  tests 
curried  out  -.n  Reference  7,  it  was  soon  noted  that 
the  scatter  of  test  results  at  low  stress  levels 
could  be  consistently  greater  than  100  to  1,  for 
18%  nickel  maraging  steel. 

A  second,  more  intriguing  observation,  dis¬ 
cussed  in  both  References  7  and  6  and  also  by 
Thomson  in  Reference  i,  isthat  the  test  results 
do  not  appear  to  belong  to  a  "single-humped” 
statistical  population.  It  is  becoming  incressin  i>y 
evident  from  both  statistical  and  physical  metal¬ 
lurgical  studiesHO)  that  more  than  one  mecharusm 
of  fatigue  IS  involved  in  causing  failure  m  (hr 
region  of  the  endurance  limit.  From  out  s'.udies 
in  Canada,  we  have  observed  statistical  grouping 
into  two  disti'ibatioiis  in  a  wide  variety  uf 
mate  rials .  iS)  Cicci  used  50  maraging  steel 
specimens  at  each,  of  five  stress  levels  tc  enow 
that  at  esch  stress  level  there  was  a  definite 
division  of  endurances  into  two  groups. 


Recently,  Thom80n{2)  has  observed  three 
separate  groups  in  the  endurances  for  another  hard 
steel,  (52100)  shown  in  Figure  16.  He  also  found 
similar  behavior  in  5160  steel  (Rockwell  C54)  and 
in  EN  31  (C-Cr)  steel  (Rockwell  C62).  Examin¬ 
ing  the  statistical  behavior  of  the  component  dis¬ 
tributions,  he  found  (as  did  Cicci)  that  they  could 
individually  be  well  represented  by  the  log¬ 
normal  distr.bution. 

Factors  Affecting  the  Endurance  Limit 

As  one  might  expect  from  the  data  of 
Figure  lb,  the  manipulating  of  normal  metallur¬ 
gical  process  variables  has  yielded  surprisingly 
little  improvement  on  the  fatigue  strength  of  hard 
steels.  1  would  suggest  that  a  better  ap¬ 
proach  might  be  to  examine  as  closely  as  eco¬ 
nomically  possible  the  statistical  grouping  dis¬ 
cussed  above  as  it  occurs  in  the  steel.  One  would 
then  separate  out  and  isolate  the  fatigue  processes 
responsible  for  the  different  groups,  and  attaci 
each  process  separately  to  prevent  its  action  in 
the  metal. 

a)  Relative  Humidity 

Cicci  observed  that  when  the  test  results  were 
separated  into  the  two  groups,  relatively  few  lai)- 
ur-'S  were  attributable  to  the  first-encountered 
distribution  when  the  test  was  carried  out  in  a  dry 
atmosphere  (Figure 

Thomson  also  pieeents  results  which  show  that 
the  mean  life  moves  to  greater  endurances  under 
dry  conditions.  However  no  information  is  given 
as  to  the  effect  on  the  grouping  oi  test  results 
(F igure 

b)  Refractory  (hard)  Inclusions 

III  the  appendix  o:  this  paper,  information  on 
the  inclusion  counts  is  given  (or  maraging  steel 
obtained  from  three  separate  man'ifa<'tur mg  pro¬ 
ceases: 

1.  Consumable-electrode  vacuurri  remelt,  with 
vacuum  casting. 

2.  Air  melt,  with  vacuum  stream  degaaaing 
during  pouring. 

Air  melt  and  air  cast. 

It  was  found  (hat  while  the  three  methods  all  re¬ 
sulted  in  comparatively  clean  steel,  they  are 
listed  above  in  order  of  decreasing  cicsnline>«s. 

It  Will  be  uvident  in  the  test  results  presented 
later  that  the  incluaiu.  count  (for  hard  incluaioi's) 
often  has  a  significant  effect  on  the  fatigue  strength 
of  hard  ateela. 

Thorntonl^)  alao  found  that  refractory 
inclusions  can  he  a  major  source  of  fatigue 
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weakness  in  hard  steel  (tested  in  air).  It  is  un¬ 
fortunate  that  in  both  Thomson's  work  and  ours, 
that  not  enough  raw  data  was  generated  to  estab¬ 
lish  the  effect  of  cleanliness  on  the  individual 
component  distributi(>ns  of  endurances.  The  in¬ 
clusions  thought  to  influence  fatigue  behavior  the 
most  are  the  titanium  carbonitride  inclusions 
(E  rating  on  the  Jernkontoret  chart). 

The  probability  behavior  of  axial  load  con¬ 
stant  amplitude  fatigue  tests  carried  out  with  the 
unnotched  specimen  shown  in  Figure  6  is  shown  in 
Figures  7  and  8,  for  both  zero  and  50,  000  psi 
tensile  mean  stress,  for  the  first  process  (con- 
sutrode  vacuum-remelt,  vacuum-cast  material). 

The  resulting  mean  S>N  relations  are  presented 
in  Figure  9  obtained  by  at  least  squares  linear 
regression  of  the  mean  endurances  (see  the  ap¬ 
pendix).  Figure  9  also  shows,  for  comparison, 
a  few  single  test  results  obtained  for  a  rough  as¬ 
sessment  of  the  fatigue  life  of  the  'as  received' 
mill-annealed  material  (Table  3).  The  data  for 
the  constant  amplitude  tests  are  given  in  Tables  2 
and  3. 

Establishment  of  a  New  Criterion 

Since  moat  fatigue  load  histories  involve 
variable  stress  interaction,  there  are  strong 
arguments  to  replace  the  endurance  limit  with  a 
new  criterion,  the  "Rayleigh  fatigue  strength", 

1  have  outlined  ihese  arguments  in  previous 
papers and  I  will  not  labour  the  points  here.  It 
is  quite  feasible  these  days  to  quickly  put  together 
fatigue  test  equipment  which  will  apply  a  narrow¬ 
band  stationary  Gaussian  fatigue  loading  to  a  given 
test  specimen.  By  keeping  the  frequency  band¬ 
width  .reasonably  narrow,  specifying  the  resulting 
Root  Mean  Square  stress  amplitude  and  measuring 
the  clipping  ratio  (maximum  stress  amplitude  in 
terms  of  the  RMS)  one  has  a  unique  repeatable 
test  configuration  which  can  be  of  great  value  in 
assessing  fatigue  strength  under  variable  (service) 
loadings.  In  the  present  application,  such  a  test 
IS  a  very  good  simulation  of  the  load  history  de¬ 
veloped  on  the  lightly-damped  main  foil,  .is  the 
hydrofoil  speeds  through  a  given  sea  state  (which 
IB  in  Itself  a  stationary  raadom  process).  It  will 
be  evident  shortly  that  this  type  of  te  t  com  iS  in¬ 
herently  less  scatter  than  constant  amplitude  test 
results,  and  there  is  nj>  evidence  of  sub-groups  in 
the  endurances  obtained. 

Using  the  same  axial  load  machine  (described 
in  the  appendix)  and  the  specimen  shown  in 
Figure  6,  material  from  the  same  melt  as  usad  in 
the  constant  amplitude  tests  was  studied  (for  two 
mean  stresses)  under  stationary  Rayleigh  load¬ 
ings.  The  probability  behavior  of  the  test  results 
(Tables  4  and  5)  is  shown  in  Figure  10.  The  S-N 
relations  resulting  from  least  squares  rcgiession 
of  the  mean  endurances  are  shown  in  Figuie  11. 
Also  plotted  on  Figure  11  are  the  predicted 
Rayleigh  curves  using  linear  cumula'ive  damage 
theory  and  the  cumulative  damage  theory  proposed 
by  Freudenthal .  ^ ^ 


USE  OF  THE  RAYLEIGH  CRITERION 
Assessing  the  Effect  of  Manufacturing  Procejs 

The  three  different  levels  of  quality  or  clean¬ 
liness  referred  to  in  Section  3b  represented  the 
first  variable  to  be  studied  using  the  new  criterion. 

A  constant  RMS  of  40  ksi  was  used,  superimposed 
on  the  '1-g'  mean  stress  of  50  ksi.  The  resulting 
endurances  are  given  in  Table  6  and  are  plotted 
using  probability  paper  in  Figure  12.  As  one 
might  expect,  the  use  of  vacuum  techniques  not 
only  resulted  in  a  greater  mean  endurance,  but 
reduced  the  variability  or  scatter  in  the  test  re¬ 
sults  appreciably.  Not  much  improvement  came 
about  by  using  vacuum  stream  degassing  during 
pouring. 

Effect  of  a  Transveis  »  Weld 

The  second  variable  to  be  examined  with  this 
criterion  '  as  the  relative  fatigue  performance  of 
welded  maraging  steel.  The  axial-load  specimens, 
made  from  each  of  the  three  processes  referred 
to  above,  were  manufactured  from  butt  welded 
plate  in  the  manner  shown  in  Figure  6.  The  test 
results  (Table  10)  are  plotted  on  log-normal  prob- 
abil  paper  in  Figure  13.  One  can  certainly  say 
that  i.  expense  of  obtaining  very  clean  steel  is  not 
justifie..  from  these  test  results.  Tests  carried 
out  at  oth«  r  RMS  levels  and  reported  in  Table  13 
reveal  that  the  quality  of  the  weld  results  in  greater 
variability  than  the  primary  process  'ised  to  create 
the  parent  metal.  The  welding  details  are  given 
in  the  Appendix.  The  effect  on  the  RMS  endurance 
relation  of  thee  *  welds  is  shown  in  Figure  16. 

Further  Tests  to  Study  Weld  Fatigue 

In  order  to  shed  more  light  on  the  fatigue  be¬ 
havior  of  maraging  ntecl  containing  welds,  a  pro¬ 
gram  of  conatant  amplitude  repeated  flexur*.  testa 
t  Bcro  mean  stresa  was  carried  out  using 
0.  050  in.  thick  sheet  specimens  machined  from 
0.080  in.  thick  plate.  All  apecimens  were  made 
from  vacuum  melt  and  vacuum  ca.  .naterla.). 

Figure  15  shows  the  results  which  are  tabulated 
in  Tablet  7  and  8.  As  expected,  the  tests  results 
for  the  plain  specimens  grouped  into  two  distribu¬ 
tions.  These  control  data  are  given  in  Reference  8. 
The  so-called  endurance  limit  is  approximately 
90-95  ksi. 

Specimens  were  than  tested  which  had  a 
longitudinal  weld  running  along  the  main  axis  of  the 
specimen,  resulting  from  the  butt  welding  of  two 
0.  080  in.  sheets.  In  a  similar  manner,  traneveree 
weld  apecimene  were  man.ifacturei.  All  epeciniene 
were  then  heat  treated  and  machined  equally  on  both 
surfaccB  to  result  m  a  0.  050  in.  thick  specimen. 

From  Figure  15,  one  can  sec  that  the  direction 
of  weld  did  not  have  much  effect  on  the  fatigue  life. 
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The  metallurgical  notch  formed  by  the  weld  itself 
appears  to  be  the  overriding  factor.  The  endurance 
limit  appears  to  drop  to  about  85  ksi  and  there  is 
a  half-log-cycle  decrease  in  life  compared  with  the 
first  distribution  of  the  control  data. 

EFFECT  OF  SURFACE  CONDITION 
Unmachined  Specimens 

7‘he  repeated  flexure  test  program  described 
above  was  extended  to  obtain  some  information  on 
the  seriousness  of  not  machining  off  the  scale 

for  lied  on  the  surface  of  the  managing  steel  sheet 
when  the  steel  is  aged  at  9'JO  F  for  3  hours.  The 
specimens  were  in  all  other  respects  similar  to 
the  control  specimens.  These  tests  (Table  9) 
showed  that  the  notch  effect  which  rebclts  is  of  a 
similar  magnitude  to  that  obtained  using  weld 
specimens. 

FATIGUE  STRENGTH  OF  A  200  KSI 
MATERIAL  INCONEl.  718 

A  program  of  fatigu<!  tests  to  investigate  the 
rotating  beam  fatigue  strength  of  unnotched 
(longitudinal)  Inconel  71'j  alloy  was  also  per¬ 
formed.  This  program  was  primarily  conducted 
to  compare  the  fatigue  behavior  of  Inconel  718 
with  identical  tests  carried  out  using  transverse 
and  longitudinal  specimens  of  18%  Maraging  Steel. 
These  latter  testa  are  discussed  in  Reference  7. 
Further  details  of  this  material  are  given  in  the 
appendix. 

The  final  values  of  endurance  at  each  stress 
level  investigated  are  given  in  Table  11.  The  test 
results  are  plotted  in  Figure  14. 

A  study  of  Figure  14  reveals  that  the  fatigue 
strength  of  Inconel  718  is  certainly  comparable 
to  that  obtained  for  the  lt>%  Maraging  .'^teel.  This 
is  particularly  significant  when  one  considers  that 
the  UTS  of  the  Inconel  718  is  c^lv  ^00  ksi  com¬ 
pared  with  250  kai  for  the  maraging  steel.  Even 
though  the  comparison  is  between  longitudinal  718 
and  transverse  maraging  steel  specimens,  longi- 
tudlLjil  maraging  steel  specimens  show  no  improve¬ 
ment  in  mean  endurance  over  transverse  speci¬ 
mens  of  the  same  material.  The  increased 
ratio  of  fatigue  strength  to  tensile  strength  of 
Inconel  718,  combined  with  Its  corrosion-resistant 
properties  mske  this  material  attractive,  at  least 
in  the  unnotched  condition.  Of  course  the  expense, 
and  difficulties  in  fabrication  preclude  Ita  wide¬ 
spread  use. 

A  further  study  of  the  grouping  of  test  results 
for  Inconel  718  in  Figure  14  reveals  the  ^wo  dis¬ 
tribution  behavior,  ut  least  at  the  two  lowest  levels 
of  testing.  While  no  tes's  were  carried  out  using 
Inconel  116  in  a  salt  water  environment,  informa¬ 
tion  available  in  Reference  13  shows  ihat  181  ksi 
UTS  Inconel  718  exhibits  an  endurance  limit  of 
06.8  ksi  at  10  million  cycles. 


THE  INFLUENCE  OF  'SIZE  EFFECT' 

In  order  to  determine  whether  'siae  effect' 
would  be  an  important  consideration  in  the  practical 
evaluation  of  fatigue  life  for  the  main  foil  from  the 
relatively  small  laboratory  specimens,  several 
large-scale  specimens  showri  in  Figures  17  to  20 
were  manufactured  ana  tested  in  a  UHS  100  ton 
Losenhausen  axial-load  fatigue  machine.  First, 
control  specimens  using  the  unnotched  configura¬ 
tion  shown  in  Figure  17  were  tested  to  obtain 
direct  comparison  with  the  axial  load  constant 
amplitude  test  results  described  earlier,  using 
the  specimen  shown  In  Figure  6.  The  material 
was  taken  from  the  same  melt  of  consumable 
electrode  vacuum  melt  and  vacuum  cast  plate  as 
used  for  the  earlier  tests. 

Ac  one  can  see  comparmg  the  fatigue  per¬ 
formance  of  18%  nickel  maraging  steel  shown  in 
Figure  21  with  the  S-N  test  results  in  Figure  9, 
there  in  an  appreciable  size  effect  in  this  material. 
This  is  consistent  with  the  general  predictions  for 
hard  steels  made  by  Kuhn  and  Figge.  The 

test  data  are  presented  in  Table  14. 

Further  tests,  using  a  salt-water  environ¬ 
ment  are  contemplated  for  the  subject  material 
using  the  large  scale  specimens. 

EFFECT  OF  POOR  FABRICATION 
PRACTICE 

As  part  of  the  test  program  using  the  large 
scale  specimens,  it  was  decided  at  an  early  stage 
in  the  main  foil  design  to  obtain  an  assessment  of 
the  relative  virtues  of  two  different  fabrication 
techniques.  Thci>e  were;  joining  the  metal  by  piug 
(MIG  spot)  welds,  or  joining  the  metal  by  fillet 
welds.  Accordingly,  specimens  with  transverse 
welds  (Figure  18)  and  longitudinal  welds  (Figure  20) 
were  tested  at  a  given  stress  amplitude,  against 
the  fatigue  perforr  .ance  of  specimens  containing  a 
row  of  plug  welds  (Figure  19)  at  the  same  stress 
level.  The  results,  contained  in  Table  14,  are 
plotted  in  Figure  21. 

The  fillet  design  proved  superior  largely  be¬ 
cause  of  the  difficulty  encountered  in  preventing 
excessive  corrosion  from  occurr^g  at  the  inac¬ 
cessible  plug  weld  joint  (see  Table  14)  in  inter- 
dendritic  fissures  within  the  weld.  These  weld 
processes  arc  described  in  more  detail  in  the 
Appendix. 

The  occurrence  of  corrosion  fatigue  in  inac- 
ceesiblc  welds  was  shown  to  be  a  significant  prob¬ 
lem  from  a  design  standpoint.  Grinding  operations 
arc  usually  used  ’.n  fabrication  and  the  coolant  can 
penetrate  into  these  joints.  The  subsequent  heat 
vreatment  of  the  welded  part  aggravates  the  prob¬ 
lem.  The  longitudinal  fillet  weld  specimen  shown 
in  Figure  20  behaved  similarly  to  the  plug  weld 
spcv  imens,  with  many  failures  in  the  welded  grips, 
where  it  was  impossible  to  clean  u;  the  weld 
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surfaces.  From  these  observations,  the  decision 
was  made  to  employ  accessible  fillet  welds. 
(Compare  Figure  20  and  Figure  4.  ) 

ENVIRONMENTAL  EFFECTS  - 
CORROSION  FATIGUE 

None  of  the  other  high-strength  steels  which 
were  considered  for  the  main  foil  (such  as  SCr- 
Mo-V  and  17-4  Ph)  possess  inherent  corrosion  re¬ 
sistance.  The  Inconel  718  to  be  used  at  the  lead- 
ing  edge  is  known  to  have  good  corrosion  prop¬ 
erties.  Since  erosion  is  likely  to  be  an  even 
greater  problem  than  corrosion  at  the  leading 
edge  no  coating  protection  would  be  feasible  there 
in  any  case.  For  the  maraging  steel  skin,  how¬ 
ever,  the  steel  must  be  protected  from  the  salt 
water,  since  indications  were  that  its  corrosion 
fatigue  strength  would  be  low  (Figure  25). 

But  just  how  badly  would  this  maraging  steel 
perform  if  this  coating  were  damaged?  Also  what 
difference  would  the  cleanliness  of  quality  of  the 
steel  make  if  it  were  subjected  to  corrosion 
fatigue? 

Simulating  exposure  to  a  salt  water  environ¬ 
ment  is  another  area  where,  traditionally,  sim¬ 
plifying  assumptions  are  made.  Often  as  long  as 
the  water  enveloping  the  specimen  contained  the 
correct  percent  NaCl  in  solution  this  was  taken  to 
be  adequate  simulation.  But  is  this  really  the 
case? 

In  order  to  investigate  the  validity  of  this  com¬ 
promise,  actual  samples  of  salt  water  were  ob¬ 
tained  from  both  Pacific  and  Atlantic  coast  Naval 
Laboratories  in  Canada.  These  waters  were  then 
compared  with  an  artifically  prepared  seawater, 
in  their  ability  to  induce  corrosion  .^cigue  failure. 
All  three  salt  waters  ar  described  ir.  the  appendix. 

A  schematic  vie«  of  the  corrosion  rig  is  shown 
in  Figure  22,  with  an  inset  photograph  of  the  trans¬ 
parent  plastic  tubLig  chamber  fitted  over  a  speci¬ 
men  (Figure  6)  in  the  random  load  fatigue  machine. 
From  a  study  of  corrosion  fatigue  life  as  it  varied 
with  the  flow  rate  of  the  seawater  through  the 
tubing,  it  was  soon  established  (Figure  21)  that  the 
greater  the  circulation,  the  more  severe  would  be 
the  corrosion  fatigue.  (Table  15.)  The  final  flow 
rate  decided  upon,  2  ki.ots,  corresponds  to  1956 
cubic  centimeters  of  water  flowing  over  the  speci¬ 
men  per  minute. 

Comparative  Performance  of  Sea  Waters 

The  three  different  sea  waters  were  used  in 
turn  in  corrosion  fatigue  tests  performed  on  the 
cleanest  grade  of  maraging  steel.  The  first  set 
of  tests  was  performed  using  constant  amplitude 
axial  loading,  in  order  to  piuvide  a  comparison 
with  American  test  results  uhow  m  Figure  25. 
Since  the  latter  tests  were  ohtaL  cd  using  rotating 


beam  equipment,  our  axial  load  tests  included 
zero  mean  stress  as  well  as  the  hydrofoil  mean 
stress.  (Figure  24. )  The  mean  endurances  were 
superimposed  on  the  American  data  in  Figure  25, 
and  show  good  agreement.  They  also  show  that 
the  type  of  seawater  has  a  rather  small  effect  on 
the  mean  endurances.  It  was  also  interesting  to 
note  the  low  scatter  obtained  under  constant  am¬ 
plitude  testing  in  salt  water.  Possibly  the  sub¬ 
sequent  mechanisms  of  failure  are  not  present 
due  to  the  overwhelming  influence  of  the  first 
(corrosive)  mechanism  of  fatigue.  The  mean 
values  for  the  constant  amplitude  corrosion  fatigue 
test  were; 

Artificial  Atlantic  Pacific 
Mean  Stress  cycles  cycles  cycles 

Zero  210,000  203.000  163,000 

48  ksi  tension  84,000  63,000  72,000 

In  general  the  natural  sea  waters  appear  more 
cori,.sive  than  the  artificial  salt  water,  but  the 
differences  are  admittedly  small  (Table  if). 

For  the  random  amplitude  tests  using  the  same 
two  values  of  n.ean  stress,  a  single  RMS  stress 
level  of  33  ksi  wan  chosen.  This  level  of  intensity 
corresponds  closely  to  the  conditions  prevailing  in 
the  hydrofoil  skin  when  the  craft  is  foilborne.  The 
test  data  are  given  in  Table  17  and  are  plotted  in 
Figure  26,  The  mean  endurances  for  the  unnotched 
specimens  were,  in  effectiv'*  cycles  to  failure: 

Artificial  Atlantic  Pacific 

Mean  Stress  cycles  cycles  cycles 

Zero  320,000  315,000  300,000 

48  ksi  tension  140,000  125,000  140,000 

Now  an  RMS  stress  of  33  ksi  corresponds  to  an 
RMS  peak  stress  of  46.  7  ksi  for  the  Rayleigh  dis¬ 
tribution.  Comparison  with  the  fatigue  endurance 
in  air  obtained  earlier  (Figure  11)  shows  that  the 
random  load  fatigue  performance  drops  to  one- 
third  to  one-tenth  its  value  in  air,  when  the  speci¬ 
mens  are  immersed  in  circulating  seawater. 

The  difference  in  using  different  aeawaters  ap¬ 
pears  to  be  negligible. 

Comparative  Performance  ol 
Manufacturing  Proresses 

A  further  aeries  of  corrosioii  fatigue  tests 
was  carried  out  using  specimens  of  the  same  type 
as  shown  in  Figure  6,  made  from  the  other  two 
manufacturing  processes  as  well  as  the  con¬ 
sumable  electrode  vacuum  melt  technique.  These 
test  results  shown  in  Table  18,  and  plotted  in 
Figure  27  were  obtained  using  the  artificial  sea¬ 
water  only,  tc  permit  easier  comparison.  It  can 
be  teen  that  tne  fatigue  behavior  is  relatively 
inecneitive  to  the  cleanliness  of  the  apecimen  ma¬ 
terial  (in  contrast  to  the  situation  in  air, 

Figure  i2)  due  to  the  overriding  effect  of  the  cor¬ 
rosive  environment. 

An  identical  series  of  corrosion  fatigue  '•'sts 
was  carried  out,  in  which  specimens  were  made 
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CONCLUSIONS 


from  butt-welded  plate.  (See  Figure  6,  )  The  ma¬ 
terial  from  which  these  specimens  were  manufac¬ 
tured  came  from  the  three  different  manufacturing 
processes  involved  in  this  study.  The  test  results 
(Table  12)  are  plotted  in  Figure  13.  Again  the 
overriding  effect  of  the  weld  and  the  environment 
negate  the  advantage  in  cleanliness  of  the  more 
expendively  produced  material.  In  fact,  one  gains 
the  impression  that,  for  weld  applications,  rela¬ 
tively  speaking,  the  dirtier  the  material  the  better. 
This  is  probably  a  spurious  conclusion  due  to  the 
wide  variation  in  quality  of  weld.  However,  fur¬ 
ther  work  IS  necessary  to  clarify  this  point. 

FATIGUE  LIFE  OF  THE  MAIN  FOIL  - 
SAMPLE  CALCULATION 

From  information  given  in  Peference  13  one 
might  safely  conclude  that  an  impervious  coating 
will  yield  fatigue  test  results  which  will  be  quite 
similar  to  those  obtained  for  the  metal  in  air.  For 
this  reason  the  most  pertinent  fatigue  data  w:.uld 
be  the  random  load  fatigue  teat  results  obtained 
for  the  plate  material  in  air.  If  we  assume  that 
chordwise  welds  are  avoided,  the  data  for  the 
plain  specimen  will  apply,  as  shown  in  Figure  11. 
The  mean  stress  50  ksi  was  deliberately  chosen 
to  correspond  to  the  operating  mean  stress  of  the 
foil.  This  mean  stress  was  subsequently  altered, 
slightly,  to  48  ksi. 

In  order  to  avoid  considerations  of  cumulative 
damage,  it  will  be  assumed  that  the  fatigue  life 
may  be  based  on  the  percentage  of  time  >hat  the 
vessel  is  foilborne.  Since  the  lightly  damped  n.ain 
foil  has  a  stress  output  spectrum  which  iv  essen¬ 
tially  a  rather  narrow-band  one  may  assuine  the 
Rayleigh  distribution  of  stress  peaks  obtained  in 
tests  IS  a  good  simulation  of  the  random  process. 
Let  us  assume  that  the  mean  frequency  of  the 
stress  cycles  is  estimated  at  0.  50  cps.  If  the 
vessel  is  foilborne  100  hours  per  year,  180,000 
cycles  will  be  encountered.  For  five  years  of 
operation,  therefore,  the  material  must  be  cap¬ 
able  of  about  one  million  cycles  before  failure. 

Let  us  assume  that  the  'stationary"  sea  state 
which  IS  of  interest  correaf>onds  to  an  RMS  stress 
amplitude  of  33  ksi.  From  consideration  of  the 
scatter  in  the  test  results  (Figure  10),  and  ex¬ 
trapolating  slightly  below  the  tests  carried  out  at 
35  ksi  (Figure  11),  one  obtains  somewhat  great-' 
than  one  million  cycles  for  10%  probability  of 
failure. 

This  fat.gur  strength  was  considered  satis¬ 
factory  for  the  intended  application  at  the  early 
stages  of  the  project.  The  tests  to  study  sixe 
effect  and  t.lso  the  numerous  tests  with  weld 
specimens  have  pointed  out  the  need  to  test  the 
full-scale  completed  foil  in  a  fatigue  test  which 
will  simulate  the  variability  of  the  loading.  Work 
IS  in  progress  toward  that  end. 


After  reviewing  the  general  fatigue  behavior 
of  ultra-high  strength  steels,  the  author  has  pre¬ 
sented  the  results  of  an  intensive  study  of  the 
fatigue  properties  of  one  member  of  this  group; 
namely  18  percent  nickel  mar  aging  steel  heat 
treated  to  a  yield  strength  of  250,  000  psi. 

It  is  quite  evident  that  these  materials  are 
highly  sensitive  to  scale  effects,  fabrication  de¬ 
tails  such  as  weld  defects,  and  environment. 

This  sensitivity  places  a  grave  responsibility  on 
the  manufacturer  of  the  end  product  to  simulate  the 
service  conditions  as  closely  as  possible,  if  he  is 
to  place  any  reliance  on  the  absolute  'numbers'  he 
obtains  from  laboratory  fatigue  test.  He  must  also 
pay  meticulous  attention  (using  for  example  non¬ 
destructive  test  techniques)  to  fabrication  details 
to  ensure  that  the  structure  is  oi  a  dependable 
quality. 

While  the  traditional  constant  amplitude  type 
of  fatigue  test  is  discredited,  on  statistical  and 
economic  (-rounds,  in  its  use  to  determine  the 
'endurance  limit'  it  may  prove  highly  useful  in 
fundamental  studies  to  isolate  the  different  failure 
processes  which  seem  to  exist  in  metal  fatigue. 

The  prediction  of  the  Rayleigh  fatigue  life  using 
the  linea-  law  of  cumulative  damage  was  not  tax 
from  the  actual  mean  values  obtained  in  test,  es¬ 
pecially  at  aero  mean  stress.  This  is  consistent 
with  the  trend  in  work  by  others  which  show  similar 
agreement  for  random  load  tests  using  notched 
specimens.  However  unnotched  data  usually  results 
in  grot  s  over-estimates  using  this  cumulative 
damage  rule.  This  may  be  another  manifestation 
of  the  notch  sensitivity  of  this  high  strength 
matei  ial. 

The  use  is  advocated  of  a  stationary  random 
process  type  of  fatigue  tost  to  supersede  constant 
amplitude  testing  for  comparative  fatigue  strength 
evaluation.  The  narrow  band  Rayleigh  teat  pat¬ 
tern  which  results  from  the  Gaussian  exc  itation  of 
a  single  degree  of  freedom  system  containing  the 
specimen  results  in  low  scatter  and  good  random 
stress  interaction  histories.  Such  a  teat  can 
oiten  provide  a  finer  screening  more  economically 
(especially  at  low  stress  levels)  than  constant 
amplitu^'e  testing  since  'runouts'  cannot  occur  at 
the  usual  levels  of  RMS  stress  which  are  of 
interest. 

From  the  results  of  the  Rayleigh  test  cri¬ 
er  ion  as  applied  in  this  paper,  it  is  evident  that 
if  the  material  is  not  notched  and  is  well  protected 
from  hostile  environments  such  as  salt  water, 
there  is  a  definite  advantage  to  the  use  of  high 
purity  metal. 

If  however,  the  high  sirength  metal  contains 
weld  defects  greater  than  (an  apparently  quite 
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•mall)  given  threehold  eice,  or  if  it  ia  exposed 
to  salt  water,  any  advantage  presented  by  cleaner 
material  can  be  quickly  nullified. 

It  would  appear  that  much  more  testing  must 
be  done  to  obtain  definite  conclusions  as  to  the 
degree  to  which  artificial  salt  water  successfully 
simulates  natural  seawater.  For  practical  engi¬ 
neering  purposes,  it  appears  to  provide  adequate 
simulation  in  corrosion  fatigue,  to  natural 
seawater. 
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TABLE  2.  C(B4STANT  AMPUTUOC  FATIGUE 
ENDURANCES 

Axial  LoxiUin 
m  Nickel  kUra(ta(  Steel 
Zero  Meea  Street 


TABLE  3.  CONSTANT  AMPLITUDE  FATIGUE  ENDURANCES 
Axial  Loadlnfi  IS%  Maragiag  Steel;  S^  >  30  kei 


Alternating  Life,  Alternating  Life, 

Streee,  kei  Specimen  kilocyclee  Street,  kei  Specimen  kilocyc!* 


(a) 

H«*t  Treated  to  250  k«i 

AZF  5L 

76.  1 

AiUraatlAf 

Life, 

150 

AZF  IL 

11.  1 

AZF  6L 

03.9 

street,  kei 

Sp«cim«a 

kilocyclee 

AZF  SSL 

100.  9 

135 

AZF  36L 

14.  7 

AZF  3L 

101.7 

US 

AZF  SOL 

61. S 

AZF  65L 

19.  5 

AZF  40L 

149.  1 

AZF  32L 

63.3 

AZF  66L 

19.5 

AZF  2L 

169.6 

AZF  31L 

6S.S 

AZF  35L 

20.6 

AZF  S4L 

SI. 2 

AZF  64L 

21.  3 

90 

AZF  77L 

104.0 

AZF  SSL 

142.  S 

AZF  iOL 

22.9 

AZF  41L 

144.4 

AZF  37L 

26.  7 

AZF  02L 

172.4 

116 

AZF  60L 

73.4 

AZF  791, 

206.9 

AZF  STL 

91.0 

U5 

AZF  I6L 

20.2 

AZF  27L 

332.  ' 

AZF 

1S6.7 

AZF  tSL 

23.  07 

AZF  41L 

666.6 

AZF  SSL 

ISl.S 

AZF  ISL 

24.0 

AZF  45L 

734.  1 

AZF  SSL 

200. 1 

AZF  60L 

20.2 

AZF  ISIL 

517. S 

AZF  42L 

20.  9 

03 

AZF  67L 

60.6 

AZF  15L 

30.2 

AZF  34L 

150.9 

10« 

AZF  SIL 

200.  S 

AZF  43L 

li.  3 

AZF  70L 

152.  1 

AZF  62L 

331.6 

AZF  OOL 

260.  1 

AZF  61 L 

344.2 

114 

AZF  32L 

23.3 

AZF  74L 

310.  3 

AZF  63L 

1,066.7 

AZF  33L 

29.3 

AZF  47L 

345.9 

AZF  49L 

32.9 

AZF  72L 

630.  7 

103 

AZF  1S2L 

201.7 

AZF  71L 

35.0 

AZF  44L 

1,413.6 

AZF  SOL 

220.4 

AZF  )1L 

49.  1 

AZF  ISOL 

2S1.0 

AZF  30JL 

49.6 

00 

AZF  14L 

073.3 

AZF  SSL 

2S4.5 

AZF  70L 

6S.  2 

AZF  22L 

4,050.0 

AZF  SSL 

2SS.0 

AZF  SSL 

610.0 

115 

AZF  20L 

25.  3 

(b) 

Aa-Racaivad  Mill- 

Annaalad. 

AZF  07  L 

701.4 

100 

AZF  29L 

39.0 

100 

AZF  TL-A 

9.6 

102 

AZF  23  SL 

297.4 

AZF  76L 

45.9 

AZF  242  L 

940.0 

AZF  20L 

47.2 

00 

AZF  9L-A 

22,4 

AZF  1S3L 

304. 0 

AZF  24L 

40.6 

AZF  OL-A 

30.3 

AZF  241L 

SSO.S 

AZF  25L 

71.4 

AZF  23TL 

2,00S.6 

AZF  26L 

02,  5 

60 

AZF  lOL-A 

100.  7 

AZF  240L 

2,066.0 

AZF  ?3L 

03.  1 

30 


AZr  12L-A 


1»5.» 


40 


AZF  IIL-A  S.tOt.l 


TABLE  4.  stationary  RANDOM  AMPLITUDE 

TEST  RESULTS 

AMal  la«aAi«f,  lt%  Ntckal  Marafiaf  Siaal. 

Zaro  Maaa  Straaa 

hut;  . -Inee’Ki-;."  -  't^I«T;«i"CycU. 

k.l  Nnmker  Id  Fell  (2.000  epm) 

TABLE  5. 

Aatal  1 

RM5 

STATIONARY  R.\Nt>OM  AMPUTUDE 
TEST  RESULTS 

L.oadin|.  14%  Nickal  Marafluf  Siaal, 
2aro  Maaik  Straaa 

S^cimaa  Cqukva!aai  Cyclaa 

Namkar  ip  Fall  (2,000  epan) 

45 

AZF 

lOTL 

50, 444 

92  AZF 

12  >L 

72,749 

AZF 

lOIL 

51,412 

AZF 

102L 

71,012 

AZF 

104L 

59, 499 

AZF 

SOL 

76,932 

AZF 

109L 

45.  445 

AZF 

tiOL 

00,011 

AZF 

1  1  IL 

70,  444 

AZF 

I24L 

91,709 

AZF 

lUL 

74.000 

AZF 

IISL 

122,400 

AZF 

MOL 

744 

AZF 

UOL 

114,064 

40 

AZF 

I 

94,  94fc 

65  Azr 

SSL 

170,300 

AZF 

1  UL 

I0>, 144 

AZF 

IDOL 

104,147 

AZF 

1  )IL 

1 15. 199 

Air 

UOL 

IS..TU 

AZF 

1  34L 

lit. 444 

Azr 

SSL 

104,100 

AZF 

I  UL 

141, 9M 

Azr 

lOIL 

20«,069 

AZF 

1  UL 

144. 599 

AZF 

SOL 

290,344 

AZF 

\  I4L 

15).  2)1 

Axr 

«7L 

161,090 

AZF 

i04L 

IM,  245 

60  AZF 

IIZL 

249, 069 

AZF 

lOlL 

514. 511 

AZF 

SSL 

300,912 

AZF 

195L 

414, 100 

AZF 

IITL 

191,000 

AZF 

1  I6L 

414, 400 

AZF 

lOOL 

191,709 

»zr 

I14L 

491  212 

AZF 

SZL 

170,011 

AZF 

11  “-L 

1. 704.199 

AZF 

SIL 

470,000 

AZF 

I40L 

1,  740. 144 

145 


TABLE  6.  EFFECT  OF  MANUFACTURING  PROCESS  ON 
STATIONARY  RAYLEIGH- TYPE  FATIGUE 
ENDURANCE 


RMS  Streaa  =  40  kai;  Sm 

3  50  kai 

Teat 

Equivalent 

Sp«cimen 

Cndurence 

Cyclea  to  Fail 

Idcntificution 

liour* 

minatea  aecooda 

(33.  3  cpa) 

(a)  Vacuum  Vlale. 

VACUum  Ceat  - 

Supplier 

Vanadium- Alloya  Steel 

AZF  14IL 

0 

43 

20 

86, 580 

AZF  143L 

0 

47 

02 

93,9/0 

AZF  136L 

J 

49 

29 

98,966 

AZF  144L 

0 

51 

30 

102,897 

AZF  133L 

0 

53 

35 

107, i66 

AZF  ;35L 

3 

57 

42 

115, 399 

AZF  134L 

0 

59 

14 

118,466 

AZF  137L 

1 

10 

58 

141,931 

AZF  138L 

1 

14 

IS 

148,599 

AZF  139L 

1 

16 

37 

153,233 

(b)  Vacuiun  M«U. 

VACuum-Stream  Defaaaing  > 

Supplier 

-  Bathlehem  Steel 

AYF  lOL 

0 

23 

00 

45,954 

AYF  2L 

0 

29 

03 

58,042 

AYF  3L 

0 

34 

36 

69,  130 

AYF  7L 

0 

34 

52 

69,664 

AYF  8L 

0 

46 

50 

93,  573 

AYF  6L 

0 

58 

40 

117, 216 

AYF  9L 

1 

10 

30 

140,859 

AYF  iL 

1 

22 

56 

165,  700 

(c)  Air  Malt.  Air  Cait  -  Supplier  -  U,  S, 

SUal 

AXF  5L 

0 

21 

00 

41,958 

AXF  7L 

0 

27 

48 

55,544 

AXF  3L 

0 

29 

44 

59,407 

AXF  4L 

0 

34 

53 

69,697 

AXF  lOL 

0 

38 

24 

76,723 

AXF  IL 

0 

39 

36 

79,121 

AXF  8L 

0 

46 

38 

93,  173 

AXF  6L 

1 

00 

25 

120,712 

AXF  9L 

1 

1 1 

30 

142,857 

AXF  IL 

1 

25 

21 

170,529 

TABLS  7.  REPEATED  FLEXURE  CONSTANT 
AMPUTUOE  TEST  RESUjuTS 


LongitudinAl  Wald  Speclmena  "B" 
0.  045-in.  Thickneaa 
18%  Maraging  Steel  Sheet 


Alternating 

Streaa  Amplitude,  kai 

Specimen 

Idantificatior. 

Cyclea 
to  Fail 

Machine 

Number 

90 

AZF  40L 

208,800 

2 

AZF  44L 

1,769,200 

1 

AZF  43L 

5,192,700 

2 

100 

AZF  28L 

70,600 

2 

AZF  27L 

259,100 

2 

'.ZF  39L 

259,300 

2 

AZF  38L 

814,600 

1 

110 

AZF  35L 

91,700 

1 

AZF  25L 

134,500 

1 

AZF  37L 

136,500 

1 

AZF  26L 

147,000 

2 

120 

AZF  36L 

77,800 

1 

AZF  24L 

81,900 

1 

AZF  33L 

83,900 

2 

AZF  34L 

86,400 

1 

AZF  23L 

99,700 

1 

130 

AZF  30L 

38,200 

1 

AZF  31L 

63,100 

1 

AZF  29L 

72,100 

2 

AZF  32L 

74,200 

1 

TABLE  8.  REPEATED  FLEXURE  CONSTANT 
AMPLITUDE  TEST  RESULTS 

Trftjiiv«rf«  W«I4  Sp«cim«nt  "C" 

0.  OttV'In.  TKuknat* 
iS%  Marafini  S(aal  Shaat 


AltarMliag  Spectman  Crclaa  Machlna 

S<r«aa  Ampliru4a,  kai  ’■'nnlUtcslIf':  lo  Fall  Number 


♦0 

AZF 

4JT 

218,000 

2 

AZF 

44T 

258,000 

i 

Azr 

62  V 

.’9  2,000 

z 

AZF 

651 

719,600 

2 

AZF 

61T 

8,484,600 

1 

ICO 

AZF 

56T 

IU,400 

t 

AZF 

5JT 

192,200 

1 

AZF 

>4T 

too 

z 

AZr 

5»T 

108  ,  600 

1 

1  to 

AZF 

52  f 

52,600 

z 

AZF 

46T 

91,100 

\ 

AZF 

50T 

105,800 

z 

AZF 

51T 

128,700 

1 

tiO 

AZF 

487 

60,700 

z 

AZF 

47T 

67,400 

1 

AZF 

45T 

78,700 

1 

AZF 

eeT 

79,200 

z 

I  10 

AZF 

60T 

18,700 

z 

AZF 

58T 

45,000 

z 

A7F 

591 

45,500 

1 

aZ  r 

64T 

57.100 

/ 

AZF 

168,700 

1 

TABLE  9.  REPEATED  FLEXURE  CONSTANT  AhIPUTUINC 
TEST  RESULTS 


Plain  Specimana  -  Heat  Treat  Scale  **0** 
0.  050-ln.  Thichneea 
18%  Maraging  Saee)  Sheet 


Alternaliag 

Streaa  Amplitude,  kai 

Specimen 

Identincatioa 

Cyclea 
to  Fell 

Machine 

Number 

•A 

2-7. r 

M2,6O0 

1 

AZF  S7L 

3,164,600 

2 

AZF  68L 

30,193.100’^ 

2 

AZF  86L 

37,845, 200* 

1 

too 

AZF  67L 

104,906 

2 

AZF  83L 

109,300 

1 

AZF  72L 

1:3,200 

1 

AZF  69L 

140,100 

! 

ilO 

AZF  7JL 

73,000 

1 

AZF  75L 

00,600 

1 

AZF  74L 

95,000 

1 

AZr  76L 

105,200 

1 

AZF  62L 

100,700 

1  '0 

AZF  8dL 

el , :  .'0 

1 

AZr  8SL 

03,eOC 

i 

AZF  77L 

85,700 

1 

AZr  9!i. 

119,400 

1 

.AZF  T8L 

i>9,290 

1 

e  No  lailare  (runoui) 
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TABLE  1 1 .  UNNOTCHED  C YLWDRICAL  SPECIMEN, 
INCONEL  718,  ROTATING  BEAM 
FATIGUE  TESTS 


Zero  Mean  Street 


TABLX  10.  SrrKCT  or  UANUrACTUUNO  PKOCCU  ON  THX  BANDOM 
LOAD  FATIGUK  UTX  Or  SPXCII4KNS  CONTAINING  A 
TKANSVBUK  WELD  (aU  nCUU  0) 

IM  Ntckal  MarAflaf  StMl 
MU  Aluraadag  Sm«i  •  II  k«l 
3^  •  40  k«l  tauiai 

SfctwMn  T««l«a  la  Air 


ipucimm  KAocItTa  Cyclaa 

UsaUficatlw  ta  rallora  BaMarka 


Coaaaaiakla  Baeir«^ 

Vacaan  Mall  aat  Vac 

mam  Ca»t 

Azr  2UW 

40,  UO 

mmU 

AZr  24IW 

M.IU 

Goo4  ««14 

AZr  2S7W 

a2.*44 

AZr  2UW 

•7,744 

Gott4  W9l4 

Azr  »iw 

•l,7M 

Smtl*  Ucl««l9a« 

.Azr  isiv 

w,««e 

AZr  2IIW 

lU.dl 

Two  Urf«  lk«t«s 

>ar  Mall,  Wllk  Vacmaa  ftraaaa  Dagaaaiaf  Oarlag  Poaria| 


Avr 

HW 

11, «7 

Atr 

27* 

17,414 

Uirf«  §a$ 

AYr 

IJV 

♦4,407 

•auvU  fM  kala 

ATr 

»W 

121,140 

Coo*  vol* 

ATr 

uv 

121,744 

0*f  hU« 

ATT 

>4* 

141,274 

Ooo*  oy«14 

Air 

12* 

214,427 

Ooo4  ««U 

Air  Mcll  Air  C««« 

Axr 

14, 142 

L*r(«  Ik*«  40*  i«cU«i«o 

Axr 

>1* 

IM,414 

1  tnH  §••  *Oi«t 

Axr 

17* 

lie,  !•! 

1  Urf« 

Axr 

M* 

i4»,ieo 

CHo*  o«U 

AXr 

>4* 

I•1,4I2 

Ooo.>  ooU 

Axr 

IIV 

144.141 

Ooo4  waX4 

AXT 

MV 

424.421 

Ooo*  *  Ul.«4  U  KAZ 

Na4a  Ai!  Sallaraa  vara  la  IlM  val4  eiaaal  aalaaa  atkararlaa  aa«a4. 


Stress  AmpUtude, 
ksi 

Specimen 

Identification 

Kilocyclef 
to  Failure 

Machine 

Number 

95 

BWF  ilL 

900 

1 

BWF  33L 

13,080 

1 

BWF  34L 

18,  175 

3 

BWF  35L 

478,004* 

4 

BWF  23L 

493,517 

2 

BWF  12L 

667, 117* 

3 

97.  5 

BWF  57L 

896 

1 

BWF  54L 

8,634 

1 

BWF  55L 

77,  321 

2 

BWF  56L 

91,924 

3 

BWF  53L 

109, 750* 

4 

100 

BWF  29  L 

509 

4 

BWF  2L 

711 

2 

BWF  3L 

735 

3 

BWF  27L 

800 

1 

BWF  IL 

895 

1 

BWF  8L 

3,  338 

1 

BWF  lOL 

3,477 

3 

BWF  9L 

33, 244 

2 

BWF  4L 

101, 801 

4 

105 

BWF  SOL 

294 

1 

BWF  7L 

417 

3 

BWF  51 L 

572 

2 

BWF  6L 

807 

2 

BWF  18L 

935 

3 

BWF  17L 

1,216 

4 

BWF  19L 

1,879 

2 

BWF  20L 

2,  577 

1 

BWF  5L 

3,875 

1 

110 

BWF  I6L 

280 

4 

BWI  22L 

406 

4 

BWF  21L 

423 

3 

BWF  49L 

46b 

4 

BWF  IBL 

534 

3 

BWF  26L 

594 

1 

BWF  ISL 

7  36 

3 

BWF  14L 

860 

2 

BWF  i3L 

1,213 

1 

l!5 

BWF  36L 

196 

3 

BWF  28L 

233 

1 

BWF  46L 

275 

1 

BWF  2SL 

292 

4 

BWF  47L 

314 

2 

BWF  45L 

326 

4 

BWF  37L 

347 

5 

4 

BWF  38L 

367 

2 

BWF  24L 

Ill 

1 

IZG 

BWF  30L 

189 

1 

BWF  4IL 

191 

1 

BWF  12L 

199 

4 

BWF  40L 

201 

2 

BWF  44L 

252 

3 

BWF  42L 

27  3 

1 

BWF  19L 

340 

3 

BWF  3IL 

578 

3 

BWF  45L 

458 

2 

*No  Failure  (runc-ul). 
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TABLE  13.  EFFECT  OF  MANUFACTURING  PROCESS  ON 
THE  RANDOM  LOAD  FATIGUE  UFE  OF 
SPECIMENS  CONTAINING  A  TRANSVERSE 
WELD  AND  TESTED  IN  AIR  ATMOSPHERE 

18%  Nickel  Mareging  Steel;  S,^  *  48  kei 


Specimen  Effective  Cyclee 

Identification  to  Failure  Pemarke 


TAdLZ  II.  EFFECT  OF  MANUFACTURi.JC  PROCESS  ON 
THE  RANDOM  LOAD  FATIGUE  LIFE  OF 
SPECIMENS  CONTAINING  A  TRANSVERSE 
WELD  (SEE  FIGURE  6) 

18%  Nickel  Maraginf  Steel 

RMS  Alternating  Streae  s  33  kei 

S_  =  48  kei  Tension 
m 


Specimen 

IdentilicAtion 

Effective  Cycle 
to  Failure 

■ 

RemArke 

Coaaumible 

-Electrode  VACuum  Melt  And  VACuum  CAit 

AZF  I63W 

58,430 

Good  weld 

AZF  2&4W 

82,  <108 

Good  weld 

AZF  I6IW 

103,240 

Good  weld 

AZF  267W 

153,838 

Good  weld 

AZF  I65W 

156,202 

Good  weld 

AZF  I66W 

157,023 

Good  weld 

Air  Melt,  With  Vacuum-Stream  Degaesing  During  Pouring 


RMS  Street  Amplitude  x  13  kei 


Coneumable-Exectrode  Vacuum  Meit  and  Vacuum  Cast 


AZF  245W 

148,416 

Good  weld 

AZF  246W 

202,176 

Good  weld 

AZF  244W 

292,224 

Good  weld 

AZF  243W 

3S6,  /36 

Good  weld 

Air  Melt 

Air  Caet 

AXF  41W 

90,512 

Very  larg<  gas  hole 

AXF  43W 

232,966 

Good  weld 

AXF  42W 

1,389,356 

Good  -  failed  in  HAZ 

AXF  44W 

1,632,611 

Good  weld 

RMS  Streea  Amplitude  x  20. 

8  kei 

Cone-umabie- 

£ia;;trod*  Vacuum  Melt  and  Vacuum  Caet 

AZF  259W 

491,904 

Good  weld 

AZF  258W 

915,072 

One  large  hols  in  centre 

AZF  269W 

2,331,920 

Good  weld 

AYF 

29W 

17,081 

Porosity  and  eegregatlen 

AYF 

25W 

17,905 

Porosity  and  eegragation 

AYF 

3yW 

50,833 

Poroeity  in  weld 

AYF 

24W 

51,719 

Good  weld 

AYF 

■IIW 

70. 178 

One  email  hole  li  weld 

AVF 

23W 

75.012 

Good  weld 

Air 

Melt  Air  Caet 

AXF 

30W 

41.98) 

Many  gss  holes 

AXF 

Z9W 

9  ,5.)! 

Good  weld 

AXF 

29W 

96,529 

Good  weld 

AXF 

27W 

107,58) 

Good  weld 

Axr 

31W 

1)1,506 

Good  weld 

AXF 

32W 

1)6,857 

Good  weld 

Note  All  (allures  were  in  the  weld  metal  unless  otherwise  nKed. 
Specimens  tested  in  artificial  sea  wst.  r  ■;>  leure  ii) 


Air  Melt,  Vacuum-Stream  Degassing  Duriag  Pouring 


AYF 

36W 

34,368 

Vary  poor  wald  -  lack 

of  panstratioB 

AYF 

383«r 

4SC, >43 

Fi're  small  holaa 

AYF 

39W 

4,402,062 

Good  weld 

AYF 

lyw 

■  'Y04  1  CA 

Good  weld 

Ait  M«it 

Ait  Caet 

AXF 

45W 

258,896 

Small  holaa  on  adgt 

AXF 

46W 

283,181 

Good  wald 

AXF 

47W 

5,667,732 

Not  failad 

AXF 

48W 

6,120,000 

Not  failad 

RnIC  CliVee  e  ie.  u  aei 


Coweumable-  Electrode  Vacuum  Melt  and  Vacuum  Cast 


AZF  268W 

1,761.216 

Hole  on  circumference 

AZF  .160W 

4,154.496 

One  Urge  hole 

AZF  261W 

7, 401, 984 

Not  Utled 

Air  Melt 

Air  Ceat 

AXF  SOW 

451,711 

Good  weld 

AXT  52W 

558,115 

Large  g.  a  hole 

AXF  5IW 

9,549,120 

Not  failed 

Note  All  failures  wsre  in  the  weld  metal  unKss  otherwiae 


■toted 
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TABLE  14.  AXI/..L  LOAD  CONSTANT  AMPLITUDE  FATIGUE  TESTS  USING  THE  LARGE-SCALE 
FATIGUE  SPECIMENS 


Sm  =  50  k8i 


Spec  imen 
Identification 

Reference 

Figure 

Alternating 
Stress, ks i 

Endurance 
Kiloc  ycles 

Remarks 

(a)  Plain  Unnotched  Waisted 

Plate  Specimen 

A-B 

17 

90 

3i.  8 

Good  failure 

A-C 

17 

60 

80.  9 

Good  failure 

A-A 

17 

60 

92.  3 

Fracture  near  fillet 

A-D 

17 

oO 

104.  6 

Good  failure 

A-E 

17 

60 

107.  1 

Good  failure 

(b) 

Spe’.;imen  With  Transverse  Fillet 

Welded  Stub  at  Mid- Length 

B1 

18 

60 

17.  3 

Cracks  usually  developed  on  both  sid'‘s  of 

B2 

18 

60 

18.  8 

stub  with  one  side  finally  causing  failure. 

B3 

18 

60 

19.  1 

Must  hand-grind  weld  to  avoid  faulures 

B4 

18 

60 

24.  1 

at  boundary  between  weld  and  ground 

B6 

18 

60 

26.  3 

aurfa.'es. 

B5 

18 

60 

29.  6 

(c) 

Specimen  With 

Thr"»  Equally  Spaced  Plug  Welds  Along  Axis 

Cl 

19 

90 

0.  96 

All  fractures  passed  thru  an  end  plug 

C2 

19 

60 

2.  5 

weld.  Significant  corrosion  appeared 

C6 

19 

60 

2.  9 

at  the  fracture  at  the  plug  weld.  Pos- 

C3 

19 

60 

3.  1 

sibly  due  to  trapped  water  during 

C4 

19 

60 

3.  7 

grinding,  between  specimen  and  backing 

C5 

19 

60 

7.  75 

block. 

(f)  Specimen  With  Longitudinal  Fillet  Welded  Stub 

F3 

20 

60 

33.  S 

Only  failure  in  parallel  srctiun.  Grips 

sh»t  peened  and  rr.iiiiinum  area  reduced. 

FI 

20 

6C 

20.  7 

First  test  •>  failure  in  weldment  at  gr 

F4 

20 

60 

^0.2 

Failed  in  grtpj  •>  grips  etiensively  hand- 

ground  to  remove  weld  notches. 

F2 

20 

60 

31.  1 

Failed  in  grips  minimum  area  reduced 

and  material  removed  from  grips. 

F‘> 

20 

60 

40.2 

Failed  in  grips,  which  were  shot  peened 

before  test. 
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TABLE  15,  EFFECT  OF  SALT  WATER  FLOW  RATE 
Fatigue  Streia  0  ±  60  kai 

Pacific  Sea  Water  TABLE  U.  CORROSION  rACITUE  PROGRAM  -  CONSTANT  AMPLHUDE 

FATIGUE  TESTS 


Flow  Rate 

Specimen 

Identification 

Cycles  to  Failure 

Log  Cycles 
tn  F allure 

0.  5  fpm 

AZF  146L 

217, 500 

5.  3374 

AZF  147L 

246,  600 

5.  3920 

AZF  148L 

258, 600 

5.  4126 

AZF  131L 

292,  700 

5.  4664 

AZF  149L 

367,200 

5.  5649 

AZF  130L 

469, '00 

5.  6894 

1  knot 

AZF  158L 

1  14,  900 

5.  0603 

AZF  I54L 

197,  800 

5.  2962 

AZF  156L 

205,  500 

5.  3128 

AZF  I59L 

216,  lOc 

5.  3347 

AZF  I57L 

2  37,  900 

5.  3764 

AZF  ;55L 

299, 000 

5.  4757 

Z  kj.ott 

AZF  164L 

149,  900 

5.  1758 

AZF  162L 

151,400 

5.  1801 

AZF  160L 

159,  600 

5.  2030 

AZF  Ih'iL 

171,  600 

5.  2345 

AZF  163L 

181, 200 

5.  2582 

AZF  161L 

249,  200 

5.  3965 

Str*««  Amplitude  •  60  kal 
Llae  Flew  Rale  •  Z  kaele 


Artificial  S«a  W4t»r 

AtUMlc  See  Weter 

PacUic  See  Water 

Number 

Uf« 

Cyc1«« 

Sp#clm«f> 

MomWr 

Ufa 

Crclaa 

Sp  a 

Num  oar 

Lift 

C/claa 

{a)  Z«ro  M«4n  Str*at 

AZF 

IftOle 

lS3pS00 

AZF  207  L 

190,  900 

AZF  164L 

149,900 

AZF 

192L 

169,  000 

AZF  204L 

19C  200 

AZF  162L 

151,400 

AZF 

144L 

220,700 

AZF  21 IL 

199,200 

AZF  160L 

r  9,600 

AZF 

179L 

234,  100 

AZF  210L 

210,  900 

AZF  165L 

171,  600 

AZF 

I76L 

24S  100 

AZF  216L 

229,200 

AZF  163L 

181,200 

AZF 

lllle 

230,600 

AZF  215L 

271, !00 

AZF  161L 

249,200 

(b)  Mean  Strata  >  4i  kai  Tar.aion 

AZF 

uaL 

60,  900 

AZF  205L 

57,600 

A7  170L 

60,  'rOO 

AZF 

191L 

?i,  500 

AZF  206L 

59, 000 

AZF  166: 

6^,800 

AZF 

6«7L. 

05,  500 

AZF  2081- 

59,500 

AZF  168L 

7  1,000 

AZF 

lt9Le 

•7, 300 

AZF  202L 

65,  600 

AZF  167L 

72,700 

AZF 

190L 

90,  800 

AZF  209L 

73,  500 

AZF  17  IL 

80,600 

AZF 

1931- 

100,70't 

AZF  203L 

75,  300 

AZF  169L 

.96,  200 

TABLE  18.  EFFECT  OF  MANUFACTURING  PROCESS  - 
AXIAL  FATIGUE  TESTS  IN  ARTIFICIAL 
SEAWATER  -  UNNOTCHED  FATIGUE 
SPECIMENS 

18%  Managing  Steel 
Machine  R  1 

Loading:  4t!  kai  Tension,  33  ksi  RMS 
(Rayleigh) 


TA  UJ:  17  CORROSION  I  ATIGUC  raOCRAM  -  RANDOM  (RAYLElCtO 
■MPUTUOE  TESTS 

KM  AmfUtvKU  ■  ))  ktl 

riow  •  i  luio<« 


ArtiiuiaJ 

a  *  .lar 

.5llaalt;  Saa 

Water 

Pacific  Sea 

Water 

!ipar:  tmaa 

1  U« 

Spar  imaa 

Ula 

Spec  tm«n 

Life 

^66mbar 

Crclaa 

Number 

Crclaa 

Number 

Cyclat 

sa)  :  !t9  Uaaa  Slraaa 

AXr  2  34L 

1(M,  500 

Air  2  4L 

275,  !  50 

AZr  175L 

215,400 

AXF  aMlL 

J 1 i , aoo 

Alt  :i0L 

254,  250 

AZF  182L 

2M.  7  50 

AZr  2211. 

M5,  6  50 

A/»  219L 

295,  5>0 

AZI  17»L 

259,  20C 

AZI  :29L 

.•27, 550 

Air  ilTL 

'45,800 

Air  174L 

115. 500 

All  ;2a  . 

)•«, 500 

Air  22  1  L 

144. 150 

AZr  1721. 

175,  100 

All  2.*5L 

<70,  000 

Air  2 1 • L 

444,  500 

AZI'  181  L 

505,  100 

16) 

Mraaa  -  48 

kai  Tartai 

i.*r 

All  liiL 

*  ir  200L 

10/  500 

AZr  :mi. 

1  10.  500 

All  212L 

135,750 

Air  199F 

1  *4.  050 

Air  1551. 

12  0.  000 

A/I  t27L 

1  )5.  500 

All  !581. 

125,  500 

Air  1851. 

14  1.  5ti0 

Air  MOL 

140,  150 

Air  212L 

127,  JOO 

AZr  1551. 

142, 850 

vzr  2»1L 

171.450 

A/I  21  'L 

U5,  200 

Air  I57L 

144  AAO 

Ai» 

:•  7  1,500 

A/l  10\L 

1^2,200 

AZF  1B5L 

145,  550 

Ciftcll 

\»  (YrTaii 

)  baaa4  at  52  cp* 

•tiA  lifiaa 

raa4>apa. 

specimen 
ld«  ntitication 

Time  to 

Failure,  mii.ules 

Effective 
Cycles ,  32  cps 

(a)  Vacuum 

M  -'t.  Vacuum  Caot  - 

Supplier  • 

VAaa^iuA'n-'AUoy  Ste«'l 


AZF  Zi3L 

tz.  1 

119, 2' 

AZF  i32L 

70,  7 

139.744 

AZF  :27L 

71.  3 

136,89b 

A/.F  .1101. 

75.  1 

140, iSZ 

A/.F  ^31L 

89.  3 

171,466 

A/.F  ZZ41. 

90  5 

17', 376 

(bl  Vacuum  Mrll  , 

Vacuurr-  Si  ream 

Degassing  - 

Suppltr  r  •  R»thl»h#rn  SIr*1 


Avr 

I9L 

*1.4 

160,128 

AYF 

1  7L 

•  4  6 

162,240 

AY  F 

20L 

89.  7 

172.224 

aYF 

161 

108.  1 

207. '6S2 

AYF 

:ri. 

i27  9 

24S,  <>68 

AYF 

I6L 

IbS.  • 

118,336 

Isl- 

Air  Mrll,  Ai" 

Cast  -  Supplier  •  U. 

S.  Steel 

Axr 

■  •L 

71 .  Z 

1 38,704 

AXF 

141 

78,  5 

ISO. 336 

AXF 

1 II. 

80.  7 

I  ‘■4.944 

AXF 

19L 

88.  8 

170.496 

AXF 

171 

icb.  1 

203, 7ic 

AXF 

161. 

1  77.  7 

34  !  ,  1 84 

FATIGUE  STREHCTH  AT  10  CYCLES  ■  lt«i 
(FM  SMOOTH  STEOMENS.  Kt  -  1.0) 


% 

3 

w 

3 

O 

P 

■< 


0  20  *10  60  80  iUO  120  140  160  ISO  20C  220  2  40  260 


ULTIMATE  TENSILE  STRENGTH  ■  kti 
(altar  Butlont,  Ra{  1) 


FIGUPX  la. 


BEHAVIOUR  OF  WROUGHT  STEEL  IN  FATIGUE 


1 

n 

AXIAL 

ROTATING 

UNKNORM 

FATIGUE  STRENGTH 

FATIGUE  STRENGTH 

BENOINC 

AT  10®  c^i 

AT  10*  ea* 

HOTCHi  Kf  -  XO 

NOTCHi  Kf -  XO 

140 


3 
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I.  4IM  V  VAtCOMA  t.  rilRLIMM 

1.  Slir  A.  »«Hl  MARACMC  ITIIt  M.  TNtRMOLD  J 

1.  UiStTRUI  t.  «  OAC  U.  M  n  MOO 

A  SOM  8.  LAACLLI  MT  IX  H  M  MOO  (OIYORMtO  «0\) 


IX  4M0 

lA  iriMl  MARACIN6  ITIIL  (210  CAM.) 
IX  MRMI  MARACMO  STIIL  (xse  Ut| 

M.  It«  Ml  MARA6IMC  tTtCL  (JOO) 

17.  TTPt  )0'  STAIMLItS 


FIGURE  lb.  FATIGUE  STRENGTHS  OF  ULTRAHIGH-ST  RENGTH  STEELS 
Yield  Strength  Greater  than  iZS.OOO  Ib/er  in. 


FIGURE  4.  STRUCTURAL  DETAILS  OF  THE  CENTER  SECTION  OF  THE  MAIN  FOIL  OF  TH  E  FHE  tOO 


FIGURE  5a.  LAYOUT  OF  FATIGUE  TEST  PROGRAM  FOR  FIGURE  5b.  LAYOUT  OF  FATIGUE  TEST  PROGRAM  FOR  18 

18  PERCENT  NICKEL  MARACING  STEEL  HEAT  PERCENT  NICKEL  MARAGING  STEEL  HEAl  TREATED  TO 

TREATED  TO  250  KSI  UTS  250  KSI  UTS 


iM  ■  *1  lonin^m  niiis  miitmiiiit 
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FIGURE  8.  PROBABILITY  BEHAVIOR  OF  CONSTANT 
AMPLITUDE  SINGLE-LEVEL  TEST  RESULTS 


FIGURE  9.'  FATIGUE  S-N  CURVES  FOR  CONSTANT  AMPLITUDE  TESTS 


nmm.  mOtAWUTY  of  >U»VIVAL  -  fmcmt 


UMWTClftO  tftCtMtMS  j 
ia%  MICKtl.  HAIIACIMC  STf  IL 
'  AXIAL  LOAOMO 
AIR  ATMOlPHf  ftl 


CTOD 

TO 

FAILUtf 


MAM  STRCU  SR  k«l 

RMi  ALTIRMATINO  STRtSS  AR  k»l 


COMSUMARLI  ILECTROOE  VACUUM 
.MILT  4  VACUUM  CAST 
AIR  MILTMC  «ITM  VACUUM  ITRf  AM 
DICASSINC  DURING  ROURINC 
*  AIR  MILTING  4  AIR  CAST 


NQKMAL.  PMMIUTY  OF  FAIUJftE  •  ftttmi 


tS.R  H.n 


FIGURE  U,  EFFECT  OF  MANUFACTURING  PROCESS  ON  RANDOM  FATIGUE  UFE 


I  I  ! 


RMS  STRESS  AMLITUDIi  33  k«l 
MIAN  STRESSi  41  h«| 


O  TESTS  IN  AIR  ATMOSRHIRC  | 

O  T«1TJ  IN  cmCULATIHG  AUTIFICIAL  StA  waTM  I 


/ 

/ 

1 _ 

/ 

u 

— 1~ 

/ 

a— 1, 

CYCLES 

TO 

failure 


I  rfL-' 
_ ».  - 


P^^Pr'- 


_ .j 


CONSUMAiLE  ELECTRODE  VACUUM 
»«ELT  4  VACUUM  CAST 
AIR  MELTING  WITH  VACUUM  STREAM 
DEGASSING  DURING  POURING 
.  __  AIR  MELTING  A  AIR  CAST 


loH  1  1 

O.OI  0.1 


;  NORMAL  PROBABILITY  OF  FAILURE  (V 

g _ i _ L  i_  L  j  _  1  t  I 

10  HO  BO 


FIGURE  13.  AXIAL  LOAD  FATIGUE  TESTS  USING  THE  STANDARD  SPECIMEN  WITH 
A  TRANSVERSE  WELD 


FIGURE  14. 


R.R.  MOORE  TOTATING  BEAM  FATIGUE  TEST  RESULTS  (AIR) 


Longitudinal  Specimens  -  Inconel  7x8 


CYCIII  TO  rAILWI 


FIGURE  15.  CONSTANT  AMPLITUDE  FATIGUE  5-N  CURVES  REPEATED 
FLEXURE  EFFECT  OF  WELDS  AND  VARIOUS  SURFACE  TREATMENTS 


SCHEMATIC  LAYOUT  OF  SALT  WATUR 
CORROSION  FATIGUE  TEST  RIG  FOR 
THE  RANDOM  LOAD  FATIGUE  MACHINE 


FIGURE  IZ.  SCHEMATIC  LAYOUT  OF  SALT  WATER  CORROSION 

FATIGUE  TEST  RIG  FOR  THE  RANDOM  LOAD  FATIGUE  MACHINE 


NORUAL  PROtARiLITT  OF  tURVIVAL  •  Fxcxrt 
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FIGURE  Z3.  EFFECT  OF  FLOW  RATE  ON  CORROSION  FATIGUE 

constant  amplitude  tests 


N.W 


0.01  0.1  I  10  no  10  M  M.t  H.H 


FIGURE  24.  EFFECT  OF  VARIOUS  SALT  WATERS  ON  THE  CONSTANT  AMPUTUDE 
FATIGUE  LIFE  OF  18  PERCENT  NICKEL  MARAGING  STEEL 
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riGURE  26.  EFFECT  OF  VARIOUS  SALT  WATERS  ON  THE  RAYLEIGH  RANDOM 
AMPLITUDE  FATIGUE  LIFE  OF  18  PERCENT  NICKEL  MARAGING  STEEL 


CYCLES 

YO 

FAILURE 


M.M 

-M.tJ 

“ST- 

'■HHi 

im 

.0. 

_ 

L 

im 

mmiH 

!■ 

■1 

Hi 

Mm 

H 

■ 

Hi 

■ 

■ 

1 

□ 

i 

■ 

■ 

■ 

1 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

m 

■ 

m 

■ 

■ 

1 

■ 

1 

1 

1 

■ 

1 

■ 

i 

■ 

■ 

■ 

1 

■ 

■ 

■ 

R 

i 

■ 

■ 

mi 

1 

1 

1 

1 

■ 

1 

1 

1 

n 

, 

■ 

■ 

1 

1 

1 

i 

1 

■ 

1 

■ 

1 

1 

1 

1 

•  -0* 

s 

g 

i 

1 

■ 

■ 

1 

L _ J 

_ 

1 

mi 

mi 

■■ 

■■■ 

ms 

■■■ 

z: 

1 

~i 

1 

-cq 

1 

MSUli 

AILf 

ILfCT 

fM)DK  V 

ACUU 

mHi 

1 

■ 

■ 

■ 

MC 

LT  t  VACUUM  CAST 

1  mcltimc  with  vacwm  strc 
CASSiMC  OURIMC  ROURtNC 

1 

_ 

m 

m 

E 

■ 

■ 

■ 

L- 

I 

1 

01 

i 

m 

1 

■ 

E 

1 

■ 

1 

I 

i 

1 

■ 

1 

_ 

MC 

RM 

AM  STRESS  4t  ktl 
i  ALTCRNATINC  STRESS  IS  Aai 
iOTCHED  SFECIMEMS 

) 

1 

1 

1 

_ 

Is 

RUAL  1 

>ROR 

ARIL 

ITT 

OF 

FAII 

CIRCULATtHC  ARTtfICtAL 
SALT  VATCR  (2  KNOTS) 

!  1  1  1 
lit 

URE  •  F«fc«(sy  1  1 

z 

1 

1 

1 

FIGURE  27,  EFFECT  OF  MANUFACTURING  PROCESS  ON  STATIONARY  RAYLEIGH 
FATIGUE  RESULTS  IN  ARTIFICIAL  SALT  WATER 


INTRODUCTION 


165 

APPENDIX 


In  thi*  appendix,  several  details  pertinent  to 
the  fatigue  test  results  obtained  in  our  laboratory 
will  be  presented  in  abbreviated  form,  to  complete 
the  information  necessary  to  appreciate  the  teac. 
results. 

THE  MATERIALS  USED  IN  THE  TESTS 
Maraging  Steel 

This  steel  was  developed  by  INCO  from  the 
early  work  of  Bieber  on  iron-nickel  martensites 
and  was  publicised  as  a  commercially  feasible 
alloy  system  in  1960.  The  basic  composition 
consists  of  iron,  nickel,  cobalt,  molybdenum  and 
titanium  in  amounts  which  will  allow  the  formation 
of  a  tough,  iron-nickel  martensite  under  slow 
cooling  rates  in  air,  the  martensite  then  being 
aged  at  a  moderately  low  temperature  to  increased 
hardness  by  the  coprecipitation  of  what  are  thought 
to  be  Ni3Mo  and  Ni3Ti  compounds.  The  role  of 
cobalt  is  not  understood  at  this  time.  The  prime 
advantage  of  such  a  material  is  that  high  yield 
strengths  of  the  order  of  250  ksi  can  be  obtained 
in  large  sizes  without  distortion  and  with  an  ac¬ 
companying  toitghness  greater  than  most  other 
alloys  at  that  strength  level.  In  addition,  the 
alloy  can  be  fabricated  in  large  sections  by  weld¬ 
ing  without  preheat  or  postheat  and  with  little 
resultant  distortion  using  a  filler  wire  of  approxi¬ 
mately  matching  composition. 

The  composition  range  of  the  alloy  is  as 


follows: 

Ni 

Co 

Mo 

T1 

C  Mn 

IS.  0/19.0 

7.0/8.  5 

4.  6/5.  1 

0.3/0.  5 

0.01/0.03  0.  Immx 

Si 

S 

P 

At  C« 

Zr  B 

0.  1  max 

0.  0!  mAX 

0.  01  max 

0.1  0.  OS 

0.  02  0.  003 

Austenitisation,  or  solution  treatment,  for 
one  hour  at  1500  F  is  recommended  for  maraging 
steel.  Subsequent  cooling  may  be  slow,  with  no 
risk  of  incomplete  martensite  transformation. 

Due  to  the  carbon  content,  no  protection  against 
decarburization  is  required.  The  aging  treatment 
is  performed  at  900  F  for  3  to  6  hours.  Neglig.ble 
dimensional  change  has  been  encountered  on  heat 
treating  this  steel.  Although  an  aruiealing  temper¬ 
ature  of  1500  F  is  generally  specified,  a  great 
deal  of  controversy  has  raged  over  the  correct 
finishing  temperature  for  hot  rolling  and  the  op¬ 
timum  subsequent  annealing  temperature  for  max¬ 
imum  toughness.  It  is  now  generally  agreed  that 
the  lowest  finishing  temperature  should  be  used 
(1400  -  1500  F)  and  that  the  annealing  temperature 
should  be  the  minimum  temperature  at  which  full 
recrystallization  occurs.  The  reader  is  referred 
to  reports  on  the  U.S.A.  F.  Maraging  Steel  Project 
Reviews  for  a  full  discussion  of  this  problem. 


Maraging  steel,  because  of  its  low  carbon 
content  and  relatively  tight  chemistry,  must  be 
produced  from  good-grade  charging  materials 
and  has  been  melted  in  sizes  up  to  75-ton  heats 
by  air  melting,  consumable-electrode  vacuum 
remelting  and  by  induction  vacuum  melting. 

Ingot  casting  has  in  air,  with  or  without 

vacuum  degassing  and  in  vacuo.  Ingot  sizes  have 
been  up  to  43  in.  octagons  and  to  some  extent  the 
problems  of  banding  resulting  from  ingot  segre¬ 
gation  are  influenced  by  ingot  practice.  • 

In  this  project  the  maraging  steel  used  was 
in  sheet  and  plate  sizes  up  to  1  in.  thick.  All  of 
the  specimens  of  the  type  shown  in  Figure  6  or¬ 
iginated  in  3/4  in.  thick  plates  taken  from  single 
melts  of  steel  obtained  for  three  different 
suppliers. 

The  maraging  steel  used  in  this  study  was 
supplied  in  the  mill-annealed  state,  and  after 
rough  machining  of  the  specimens,  heat  treated 
to  approximately  250-ksi  ultimate  tensile  strength. 
The  heat  treatment  for  this  material  consists  of 
h'‘ating  for  three  hours  at  900  F  in  an  air  furnace, 
followed  by  air  cooling.  Each  batch  of  twenty- 
five  fatigue  specimens  included  a  control  tensile 
test  specimen.  The  specimens  were  then  ma¬ 
chined  through  the  final  stages,  excluding  the 
gripping  portion.  The  results  obtained  from 
static  tensile  tests  using  these  control  specimens 
are  shown  in  Table  A-1.  Little  difference  in 
static  strength  properties  has  beer  found  between 
specimens  taken  longitudinal  and  transverse  to 
the  plate  direction. 

The  percent  compositions  for  the  3/4  in. 
steel  plates  used  in  this  program  are: 


ement 

Conaumable  Electrode 
Vacuum  Remelt 
Vacuum  Caet 

Air  Melt 
Vacuum  Stream 

Oecasied 

Air  Melt 
Air  Caat 

c 

0.017 

0.016 

0.  02 

Mn 

0.070 

0.  60 

0.03 

P 

0.  006 

0.  006 

0.  005 

S 

0.  004 

0.  009 

0.  005 

Si 

0.  16 

0.  070 

0.09 

Ni 

18.  04 

18.  12 

17.73 

Mo 

4.  70 

4.77 

4.80 

Co 

8.  10 

7.88 

7. 40 

Ti 

0.  50 

0.  49 

0.  39 

A1 

0.  IZ 

0.  10 

0.  07 

A  comparison  of  the  stress-strain  behavior 
of  maraging  steel  with  4340  steel  is  given  in 
Figure  A-1. 

The  specimen  configuration  employed  for  the 
axial  small-scale  tests  (Figure  6)  was  essentially 
that  used  for  the  2024  aluminum  alloy  program 
described  in  Reference  A-l,  However,  it  was  found 
in  the  e.'irly  stages  that  the  serrated  gripping  edges 
of  the  collets  used  in  the  jaws  of  the  machine 
would  not  give  a  satisfactory  grip  for  smooth 
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TABLB  A-l,  ROOM-TEMPERATUR£  STATIC  TENSILE-STRENGTH  PROPERTIES 


250  ai  Yield  Strength  Mnraging  Steel 


V 

(a)  As-Received  Material: 

1 

Ultimate 

Tensile 

0. 2%  Yield 

Strength, 

Elongation 

Reduction  of  Area, 

E,  10^  psi 

Grain  Direction  Stress,  ksi 

ksi 

percent 

percent 

i)  Coneumeble-Electrode  Vecuum  Melt,  Vacuum  Cast 


Longitudinal(L)  110.25  141.2  16.4  72  25.4 

Transverse  (T)  113.1  147.5  14.3  69  25.0 


(b)  Heat  Treated  Three  Hours  at  900  *F: 


Tensile 

Specimens 

Fatigue  Specimens  Heat 
Treated  With  Tensile 
%>eciman 

0. 2%  Yield 
Strength, 
ksi 

Ultimate 

Tensile 

Strength, 

ksi 

Elongation, 

percent 

Reduction  of  Area, 
percent 

E, 

106  pti 

i)  Consumable  Electrode  Vacuum  Melt,  Vacuum  Cast 

AZ  30L 

AZF  ULtoAZF  38L 

235.05 

247. 56 

11.4 

52.5 

27.3 

AZ  31L 

AZF  39LtoAZF  63L 

240. 37 

250. 16 

10.9 

52.0 

27.9 

AZ  32L 

AZF  64LtoAZF  SSL 

241.33 

251.0 

10.9 

55.0 

26.9 

AZ  36L 

AZF  89LtoAZF113L 

240.94 

252. 14 

12.0 

56.2 

28.2 

AZ  37L 

AZF  114Lto  AZF  138L 

241.29 

251.15 

10.9 

55.3 

27. 1 

AZ  3<L 

AZF  139Lto  AZF  163L 

236. 36 

248.37 

10.8 

53.0 

28,7 

AZ  39L 

AZF  164L  to  AZF  188L 

245.03 

254.  37 

10.8 

55.0 

ed.O 

AZ  40L 

AZF  189Lto  AZF  213L 

236. 19 

246.17 

10.3 

52.0 

26.  iV 

AZ  94L 

AZF  214L  to  AZF  242L 

240.04 

249.  34 

9.7 

49.  C 

25.8 

A-r 

(Large-scale  specimen) 

236.7 

247.3 

13.5 

42.0 

31.1 

(Figure  17) 

AZr  17IL 

Used  as  tensile 

238.3 

249.5 

13.0 

59.0 

27.1 

AZr  177L 

Used  as  tensile 

243.9 

254.0 

12.0 

54.0 

26.1 

AZF  254LW 

(Transverse  weld) 

231.7 

243.9 

3.0* 

8.0 

26.5 

AZr  255L>W 

(T/ansvcrse  weld) 

233.3 

247.5 

7.0 

29.0 

29.5 

ii)  Air  Melt,  Vacuum-Stream  Degassing  During  Pouring 

AY  llOL 

AYF  IL  to  AYF  20L 

259.53 

269.22 

8.57 

38.0 

27.1 

AYF  21L-W 

(Transverse  weld) 

246.4 

254.6 

Oee 

5.5 

25.8 

AYP  22L.W 

(Transverse  weld) 

253.1 

256.1 

2.0 

8.0 

32.2 

iU)  Air  Melt,  Air  Cast 

AX  109L 

AXF  IL  to  AXF  20L 

256.35 

262.7 

8.0 

37.0 

27.1 

AXP  IIL 

Used  as  tensile 

255.6 

259.7 

12.0 

39 

26.2 

AXP  12L 

Used  as  tensile 

254.6 

261.8 

9.0 

41.5 

27.0 

AXF  25L« 

227.6 

238.8 

6.0 

34.0 

25.7 

AXF  i61#W 

Transverse  wel<! 

228.1 

238.3 

7.0 

35.0 

27.4 

*  Large  gas  hole  in  fracture. 
*e  Dirt  in  weld. 
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FIGURE  A-1.  TYPICAL  STRESS/STRAIN 
CURVES  OF  MARAGING 
STEEL  VERSUS  4340  STEEL 

high-hardnets  ateel  specimens.  Because  of  this 
it  was  necessary  to  incorporate  machined  serra¬ 
tions  in  the  gripping  portions  of  the  specimen  to 
match  the  sertations  in  the  collets.  This  provided 
a  ve^'y  positive  gripping  action  over  the  complete 
load  range  usL.ig  the  axial  load  fatigue  machine. 


There  is  a  significant  improvement  in  the 
"as-received"  condition  using  cleaner  metal. 

This  improvement  is  much  less  with  heat 
treatment. 

The  fatigue  testing  of  the  "as-received"  ma¬ 
terial  at  the  highest  level  of  constant  stress  am¬ 
plitude  (50  1  100  ksi)  was  quite  interesting. 

While  the  test  frequency  was  only  30  cps  the 
specimen  soon  became  extremely  hot  leaving  a 
bluish  oxide  coating  on  the  parallel  section  on 
both  sides  of  the  fracture.  This  heating  can  only 
be  ascribed  to  damping  within  the  material  which 
must  be  very  great  when  one  begins  with  annealed 
material.  This  test  lasted  9,  600  cycles. 

Inconel  718 

Inconel  718  was  originally  developed  for  gas 
turbine  applications  as  an  alloy  with  a  high 
strength  (up  to  190  ksi  U.  T.S. )  which  could  be 
obtained  after  a  sluggish  aging  treatment  in  order 
to  avoid  transformation  problems  which  might  be 
encountered  in  fabrication.  The  alloy  is  of  a 
nickel  base  and  contains  the  titanium  and  alum¬ 
inum  additions  common  in  these  alloys.  An  ap¬ 
preciable  amount  of  columbium  is  added  for  the 
slow  aging  reaction  by  precipitation  of  what  is 
thought  to  be  Ni3Cb.  The  composition  range  is 
as  follows: 

Ni  Ct  Cb  Mo  Al  Ti 

»0.0/55.0  17.0/2J.0  4.5/S.7'i  2.S/J.J  0.2/i.5  O.J/J.J 


Samples  of  the  steels  produced  by  each  of  the 
three  primary  manufacturing  processes  were  ex¬ 
amined  metallographically  and  by  magnetic  particle 
inspection  foi  cleanliness.  The  results  were, 
using  the  Jer  ikontoret  inclusion  rating  system: 


Ntonorlcai  karliutoo 

PT>e«»)i  Ootmuutoo  Thw 

•}  Cooouirod*  Vocaum  v«cu«in  Cot*  i  '  ibi'n  0(oatS*t 

bl  Air  Mtli,  Vtcuiun  Slr*o>'n  dtfttttS  I  «  tbi»  O  loilOtl 

t  •  lbt«  8  (tituniM) 

cl  Air  Mtil  Atr  Ctrl  t  •  ibui  O  (at>4t> 


C  St  Ma  8  Co  Ft 

0.  t  ma«.  b.  7S  mas.  0.  $0  m.is.  0.0}  mu.  0,  7}  mu.  btl. 

Although  the  alloy  is  not  available  in  large 
plate,  is  expensive  and  difficult  to  machine,  suf¬ 
ficient  is  known  of  the  alloy's  resistance  to  sea¬ 
water  corrosion  to  recognise  that  it  is  possibly 
the  only  high  strength  alloy  which  can  be  used  in 
seawater  without  a  protective  coating.  It  would 
therefore  have  great  value  in  some  parts  of  high 
strength  marine  structures  such  as  the  leading 
edges  of  foils  or  as  a  supercavitating  propeller 
material. 


Thus  all  steels  wrrs  very  clean  with  the  air 
melt,  air  cast  yielding  slightly  dirtier  microstruc¬ 
ture.  There  is  a  deiinlte  Improvement  with  the 
use  of  vacuum  techniques,  as  one  might  expect. 

The  results  of  Charpy  V-Notch  Impact  tests 
carried  out  at  room  temperature  are  listed  below: 

Of«Mi 


Pm*** 

C«sSittaa 

V*la** 

Dimllaa 

1. 

Alt  M*lt,  VUMtn 

A*  a*«*i««4 

•0  (*M  lb*. 

L 

Slt*«in  D*(****4 

»«  f*0t  lb*. 

T 

<. 

Alt  M*h,  V*<wiai 

H«*l  TraalaS 

|A  fdwt  IW. 

L 

Slr**m  D*|****4 

17  l«««  lb*. 

T 

1. 

C*M<MMbl«  •t*«lr*4* 

A*  a*«:*i.*a 

12*  toa«  lb*. 

L 

Vseman  r*n*li.  taewan 

7t  (oat  lb*. 

T 

(AM 

it 

C»a*ia— bl»  •laciraS* 

M*M  Tt**(*« 

i;,  t  r*M  lb*. 

L 

V*c«ant  tMMli. 

17.  »  tool  ItM. 

T 

Above  a  temperature  of  1550  F,  the  alloying 
elements  responsible  for  the  hardening  mecha¬ 
nism  are  in  solid  solution.  Annealed  material 
may  be  aged  for  16  hrs.  at  1325  F  to  achieve 
strength  by  what  is  thought  to  be  the  precipitation 
of  NijCb.  The  precipitation  is  very  slow  com¬ 
pared  to  other  alloys  of  this  type  but  has  the  ad- 
vanuge  that  many  of  the  problems  of  annealing, 
welding  and  pickling  associated  with  preclpltation- 
hardenable  nickel  base  superalloys  are  alleviated. 

Annealing  is  performed  at  1700  -  1800  F  for 
1  hr.  Aging  to  optlrrium  properties  is  carried  out 
at  1325  F  for  16  hrs  for  hot-rolled  or  annealed 
material  and  1275  F  for  16  hrs  for  cold-rolled 
material.  No  protective  atmosphere  is  required. 
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A  contraction  of  0.  05%  is  experienced  upon  aging. 
A  recent  modification  of  the  aging  treatment  has 
been  recommended  this  being  1325  F/8  hr  furnace 
cool  to  1150  F  long  enough  to  make  the  total  aging 
time  (1325  F  +  furnace  cool  to  1150  F)  equal  to 
18  hr 8,  followed  by  air  cooling. 


Material  used  in  this  study  originated  from 
a  2-1/2  in.  x  1/2  in.  x  4  ft  bar  supplied  b/  the 
Huntington  Alloys  Division  of  INCO. 


The  mechanical  properties  of  the  control 
tensile  specimen  for  the  fatigue  tests  were: 


(a)  Ultimate  Tensile  Strength 

(b)  0.  2%  Proof  Stress 

(c)  Percent  Elongation 

(d)  Percent  Reduction  of  Area 

(e)  Modulus  of  Elasticity 


200, 800  psi 
165,700  psi 

25.5 

44.5 

29.  6  X  10^* 


THE  RANDOM  LOAD  FATIGUE 
MACHINE 


This  machine  used  for  the  axial  load  small- 
scale  tests  is  capable  of  applying  any  type  of 
fatigue  loading  consistent  with  the  frequency  re¬ 
sponse  of  the  structure,  since  the  drive  is  es¬ 
sentially  electronic.  This  machine  was  also  the 
first  machine  able  to  apply  random  loads  with  a 
non-zero  mean  stress.  A  complete  discussion  of 
the  load  envelope  for  this  machine  is  contained  in 
Appendix  'A'  of  Reference  A-l.  For  the  tests  car¬ 
ried  out  on  maraging  steel,  the  machine  was  strain 
calibrated  for  stress  levels  under  dynamic  condi¬ 
tions  using: 

(i)  A  standard  maraging  steel  specinrten 
fitted  with  four  strain 

(ii)  The  standard  eight-gauge  load  transfer 
platr  connecting  the  lever  the  (movable)  gripping 
bead. 

(iii)  A  two-channel  occillograph,  w‘th  two 
bridges  and  amplifiers. 

The  procedure  for  this  calibration  is 
deacribed  in  Reference  A-l.  * 

The  dynamic  load  capability  of  the  fatigue 
machine  had  to  be  increased  substantially  (3,800 
lb  peak  to  10,000  lb)  in  order  to  use  a  reasonably 
large  specimen  of  maraging  steel.  For  the  stand¬ 
ard  specimen  shown  in  Figure  6,  the  average 
ultimate  tens.le  stress  shown  in  Table  1,  corres¬ 
ponds  to  a  breaking  load  of  about  12,  000  lb.  How¬ 
ever,  since  fatigue  Uvea  leas  than  10,000  cycles 
were  not  desired,  the  maximum  alternating  load 
required  in  the  fatigue  tests  was  approximately 
7, 000  lb.  This  loading  in  the  compressive  sense 
does  not  present  a  stability  probls<;m  for  the  speci¬ 
men  configuration  used  in  these  tests.  In  order  to 
obtain  7, 000  lb  load  capability,  therefore,  the 
basic  machine  was  also  modified  from  its  former 
configuration  by: 

(i)  Adding  weight  to  the  nutia  lever. 

*Rcferences  are  given  on  page  i7!. 


(ii)  Lowering  the  stiffness  of  the  main  stress 
spring. 

(iii)  Improving  the  gripping  of  the  specimen. 

It  was  also  necessary,  after  these  modifi¬ 
cations  were  carried  out,  to  re-align  the  gripping 
heads  of  the  machine  to  minimize  the  occurrence 
of  bending  loads  in  the  specimen.  By  connecting 
the  strain  bridge  on  the  specimen  to  record  the 
strain  differences  and  hence  bending  in  the  speci¬ 
men,  it  was  possible  to  substantially  remove 
bending  in  both  tne  vertical  and  horizontal  planes, 
by  re-adjustment  of  the  gripping  head  alignment. 

For  the  random  load  fatigue  tests,  certain 
additional  calibrations  were  required: 

(i)  In  order  to  ensure  that  the  input  random 
process  was  sufficiently  "white"  a  frequency 
analysis  had  to  be  carried  out.  (See  Figure  A-2. ) 
The  RMS  voltage  from  the  random  noise  gener¬ 
ator  was  found  to  be  of  uniform  value,  on  the  av¬ 
erage,  over  the  frequency  spectrum  of  interest. 

CORROSION  MEDIA 


(a)  Artificial  Salt  Water  -  On  the  recom¬ 
mendation  of  Mr.  R.  C.A.  Thurston,  D.  M.  k 

T.  S.  a  small  quantity  of  "Sea-Rite"  Salt  was  ob¬ 
tained  from  Lake  Products  Company,  Inc. , 

1254  Grover  Road,  St.  Louis  25,  Misrouri, 

U. S.  A.  "Sea-Rite"  salt  is  a  simulated  sea  salt 
mix  containing  elements  found  in  natural  sea  salt 
in  quantities  greater  than  %  0.  004.  "Sea-Rite" 
salt  is  granular  and  colorless;  the  particles  are 
no  larger  than  those  that  will  pass  a  24  mesh 
screen.  Composition  of  "Sea-Rite"  salt  is  based 
on  77  composite  analyses  of  seawater  with  aver¬ 
age  total  solids  content  of  35,  600  parts  per 
million.  This  salt  is  made  according  to  Formula 
A,  ASTM  Specification  D1 141-52. 

Na  Mx  Ca  K  Sr  B  Cl 

30,577  3.725  1.178  1.099  0.  0382  0.0135  55.035 

HCO^  JLiSSLi— 

7.692  0.1868  0.405  C.  0039 

The  density  of  Sea-Water  equals  1. 025  at 
15  C.  Approximately  4-1/2  ounces  of  "Sea- 
Rite"  salt  per  gallon  of  water  equals  this  density 
of  Sea-Water.  Since  most  Public  water  supplies 
contain  less  than  500  parts  per  million  total  dis¬ 
solved  sollde  they  may  be  used  in  place  of  dis¬ 
tilled  water.  Tap  water  was  used. 

(b)  Pacific  Sea  Water  -  In  order  to  ctudy 
the  effect  of  using  natural  seawater,  it  was  ar¬ 
ranged  with  the  Pacific  Naval  Laboratory  that  a 
carboy  of  P.  N.  L.  seawater  be  sent  to  the  Ma¬ 
terials  loiboratory.  This  water  was  collected  on 
Jan.  6,  1964,  from  a  depth  of  10  feet  from  the 
surface. 
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Figure  a-z.  frequency  spectrum  analysis  for  input  to 

THE  RANDOM  LOAD  FATIGUE  MACHINE 


(c)  Atlantic  Sea  Water  >  A  eimilar  arrange¬ 
ment  wag  carried  out  with  the  Naval  Research 
Evtabliehment,  Hajiilax,  and  a  carboy  of  dockside 
water  waA  despatcu«)d  by  N.  R.  E.  on  Jan.  10,  !‘t64. 


The  results  of  analyses  of  the  seawaters,  as 
carried  out  in  the  O.  H.  Materials  Laboratory, 
Malton,  are  given  in  the  following  table: 


Type  of  Salt  Wstar 

"Sea-Rtta" 

Atlantic 

Pacific 

SaHniiy  Parts  per  thousand 
or  s/Kf 

il.98 
Fab.  12 

27.  09 

Feb.  4 

)0.02 
Fab.  4 

Oeneily  (fmfee) 

1.  02) 

Fab.  12 

1.017 
Frb.  4 

1.019 
Fab.  4 

*03  Content  (me/ 11 

b.  Si 

Fab.  18 

b.2S 
Fat.  i8 

6.96 
Feb.  18 

Elect.  Cond.  (mhoa/cm) 

0.  0482 
Feb.  12 

0.0)9S 
Fab,  10 

0.  0429 
Fab.  to 

pK  Laval 

8.  IS 

Feb.  12 

7.E6 
Feb.  12 

7. 16 
Feb.  12 

*  rhp  •Ainplp  of  Pacific  water  waa  taken  whilit  water 
circulatiaf,  while  "Sea»Rite''  and  Atlantic  eamvlea 
were  taken  from  the  carboy. 


Change  of  dissolved  oxygen  lever  after 
bubbling  air  through  the  solution  was  as  follows: 

**<»»•  Kite'* 

Air  i/2  kr  k.  «fc 

febp  A«py  20 

Air  ihidbliUd  1/2  kr  T.  II 

r»br>k«rY  21 

Alt  ^pttbbletl  2  Hr  k  bb 

r»t»r4Art  2  I 


All  analyses  performed  at  23  C  A  1  Z 
Lowest  velocity  used  -  0.  00493  knots. 

These  natural  seawaters  were  not  filtered  to  re¬ 
move  traces  of  marine  life. 

WELDING  PROCESSES 

(a)  Spray  arc  welding  the  3/4  in.  plate  material 
(Figure  6) 

For  the»e  welds,  the  Metal  Inert  Gas  (MIG) 
process  of  spray-arc  weld  is  used,  where  the 
electrode  is  consumsd  in  a  continuous  feed  of 
liquified  metal  to  the  Joint.  The  work  is  envel¬ 
oped  in  a  99%  argon- 1%  oxygen  gaseous  mixture. 
Titanium  content  for  tbeae  welds  was  found  to  be 
about  0.4%  (both  parent  metal  and  wire). 

(b)  Short-arc  welding  of  0.080  in.  sheet  (Figure  15) 

Here  the  wire  is  consumed  in  a  helium 
(shield)  atmosphere.  The  arc  is  short-circuited 
at  a  high  frequency  (eg  60  cps),  and  the  weld  bead 
ie  built  up  of  the  metal  joined  during  theae  short 
bursts  of  arc.  This  is  also  a  MIC  proceaa. 

(c)  MIC  spot  welds  for  heMvy  gauge  material 

In  the  fatigue  testa  of  spot-welds  (Figure  19)i 
it  was  soon  apparent  that  the  '.ack  of  co  <trol 
available  in  the  MIC  spot  weld  technique  rendered 


4]i  «M«)y«es  Ml  2  M  4  I  (  . 

lowest  yeiocit)  used  >  0  0(^4^!  knoEu. 
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It  imposaible  to  avoid  tight  interdenaritic  shrink¬ 
age  rracka.  These  cracks  formed  sites  for  cor¬ 
rosion,  and  resulted  in  very  short  fatigue  levels 
(Figure  21). 

ANALYSIS  OF  TEST  RESULTS 

(a)  ProbabUity  Plots 

The  plotting  relation  used  for  the  numerous 
normal  probability  plots  presented  in  this  paper 

is 

i  *  3  /  8 

Pi  Equation  1,  Reference  A-1 

where  i  is  the  order  of  the  ranked  observation 
(ranked  by  increasing  endurance)  and  n  is  the 
number  of  individual  tests  making  up  the  sample. 

(b)  The  Rayleigh-Miner  Endurance  Predictions 


Nf^  =  0.  006  (Nf)cA 

56.  6 

1,  353,800  cycles 

63.  6 

404, 400  cycles 

73.  5 

90,  345  cycles 

The  result  at  the  highest  stress  level  shows 
an  excellent  prediction,  while  the  linear  damage 
law  becomes  more  and  more  unsafe  for  stress 
levels  below  this  level. 

(c)  Prediction:  wsing  Freudenthal' s  Analysis 
(i)  50  ksi  Mean  Stress 

From  the  regression  equation  for  the  con¬ 
stant  amolitud  -  test  results,  the  value  of  stress 
amplitude  Si  at  10,000  cycles  endurance  is 
144  ksi.  Using  Jiis  value  as  the  operative  peak 
stress  for  cumulative  damage  (as  suggested  by 
Freudenthal  in  Reference  11),  we  have: 


(i)  50  ksi  Tensile  Mean  Stress 

Using  the  analysis  of  Section  3.  3.1,  Reference 
A-1,  the  predicted  endurance  relation  from  the  con¬ 
stant  amplitude  relation 


for  a  linear  accumulation  of  fatigue  damage  with 
the  Rayleigh  peak  stress  distribution,  is  given  by: 


For  the  RMS  peak  stress  levels  used  in  the 
random  load  tests  the  predicted  endurances  are: 

1,760,500  cycles 
651,800  cycL'S 
274,  700  cyclee 

All  these  results  groisiy  over-estimate  the 
Rayletf,h  test  results. 


— . 
49.  5  ksi 
56,  6  ksi 
63.  6  ksi 


(of  equation  19,  Ref  A-1) 

where 

p  *  4.  0 
Sj  »  144  ksi 
6  *  7.4 

Thus  Tp  »  0.  354  10”^  x 

0*-  *  X  r'fyJKtjNER 


kst 

(***r)  Mlaer 

’r 

T  sseerlnneiUsl 

IS 

I.TM.SIS  cycles 

110,860  cycles 

750,000  cycles 

40 

»St,  tfS  cycles 

64,  606  cycles 

it4, 000  cyclee 

«S 

2?«.68)  creies 

40,  S82  cycles 

64,000  cyeUe 

(ii)  Similarly  for  sero  mean  sirtss,  the 
equation  (or  the  linear  accumulation  of  dAmage 
using  the  constant  amplitude  relation 


Nf 


‘0.  37 


IS  given  by 


10.  37 


These  values  are  plutted  in  Figure  11.  It 
can  he  eeen  that  thia  analyata  involves  a  rotation 
of  the  previously  obtained  Rayleigh-k  .  ter 
straight  line  (on  lug  -  log  format)  abot.i  an  RMS 
peak  etreee  of  about  i  1 1. 0  ket  to  form  a  new 
etraight  line  with  elope  equal  to  4.  0.  Ti>e  utt  of 
this  anaiyeie  le  eltgbtly  cemeervattve  tor  the 
highet  etreae  levela,  and  too  aevere  (or  the 
Imeer  atreee  levela,  at  least  in  the  rangr  of  the 
teet  reeulte. 


006 


f  362  ^ 


10.  37 


The  endurances  et  the  RMS  peak  atreaa  levela 
tested  are: 


til)  Zoto  Mean  Streaa 

Similarly,  the  value  of  conetant  ctrees  am¬ 
plitude  which  ytelde  a  regreaaed  mean  euduiance 
of  10,000  cycles  is  149  kei.  Thus: 


171 


/  RMS\^'  r(l  4  5.  18) 

^  ^  ^  2) 

=  1.2  X  10-12  (,6.  37 

The  results  appear  only  in  the  table  below, 
since  it  is  obvj  ^  that  the  predictions  are  very 
poor,  resulting  in  less  than  one-tenth  the  ex-peii- 
mental  mean  values.  Use  of  this  damage  calcu¬ 
lation  would  be  inadmissible  in  the  present  form. 


09 

a 

T  txc. 

Fr«ud«fkthkl 

56.  6  k«i 

40  k«l 

1,  3S3,  ROO  cycU. 

363,000  eyelet 

23,  722  eyelet 

63. 6  ksi 

4S  k.l 

404,400  cycUi 

210,  000  eyelet 

16,297  eyelet 

73. 5  ksi 

”  k.i 

90,  343  eyelet 

91 , 000  eyelet 

9,  134  eyelet 

(d)  Effect  of  Mean.  Stress 

(i)  Considering  the  results  of  tb  constant 
amplitude  axial  load  tests,  we  have  the  following 
information: 


<S*)50 

*(Nf)50 

Approximate 
(S40) for 
same  N/ 

(S.)  50/S. 

ksi 

kes 

ksi 

85 

300 

106.5 

0.80 

90 

290 

107 

0.  84 

95 

170 

113.5 

0. 84 

100 

105 

119.5 

0.  84 

105 

67 

125 

0.  84 

110 

49 

130 

0.85 

'‘^Obtained  from  drawing  a  smooth  curve 
throufjh  the  mean  endurances  established  in  Figure  8, 

T^us  the  a'^arage  value  of  the  ratio  of  stress 
amplitudes  is  0.84.  l^eferring  to  Kefeuce  A-2,  the 
value  of  m  in  the  equation 


is  1.  14,  which  places  the  resvilt  close  to  the  mod- 
ified  Goodman  mean  stress  relation.  For  the 
Modified  Goodman  relation,  m  «  I.  For  the  Ger¬ 
ber  relation  m  ■  2.  If  the  average  yield 
strength  (240  ksil  Is  substituted  for  the  average 
ultimate  tensile  strength  (2S0  hal),  the  exponent 
m  has  the  value  1. 1 7,  From  this  it  can  be  seen 
that  the  experimental  reeults  ca.*!  alao  be  repre¬ 
sented  by  the  Soderberg  mean  etteee  relation 
(m  >  1.10  with  yield  etreee  In  place  of  UTS  to  the 
above  formula).  This  Is  a  natural  conaequenca 
when  the  ratio  of  yield  strength  to  ultimate 
strength  approaches  unity  (0.  Of  m  thtvi  case). 

(ii)  Turning  to  tho  reaulis  of  the  random  am¬ 
plitude  testa,  tha  aelection  of  RMS  etrees  lavels 
WSJ  daliberately  made  to  facilitate  comparison  of 
laitgue  strengths  within  the  same  range  of 


endurances.  Using  a  graphical  interpolation 
(on  a  aemi-log  plot)  we  have: 

o  for 


('»)50  ksi 

50  kes 

the  same  Nf^ 

45 

64,0 

55.0 

0.82 

40 

124.0 

49,5 

0.81 

37.5 

20. 0 

45.0 

0.83 

36 

>65.0 

40.0 

0.90 

Assuming  the  last  value  to  represent  a 
change  in  slope  as  the  endurance  limit  is  ap¬ 
proached,  and  not  representative  of  the  effect 
of  mean  stresa  in  the  intermediate  stress  levels, 
we  have  an  average  value  for  the  ratio  of  0.  82 
using  the  RMS  stress  amplitudes.  Thus  m,  the 
generalised  mean  stresa  exponent  equals  1.065. 

From  a  comparison  of  the  ahc>ve  variation  in 
stress  amplitude  (for  given  endurance)  with  i.  tan 
stress,  it  can  be  seen  that  the  same  empirical 
relations  as  were  developed  for  the  constant  am¬ 
plitude  results  can  be  applied  to  the  random  load 
results,  within  the  rather  limited  range  of  stresa 
amplitudes  considered.  This  finding  is  not  unex¬ 
pected  if  the  stress  regime  is  one  of  constant 
stress  ratio  (S«)  50/S|io  giveu  endurances, 
since  the  random  loading  constitutes  ..  mixing  of 
all  the  stress  levels  (and  lower  ones  ss  well)  in¬ 
vestigated  in  the  constant  amplitude  testing. 

(s)  Notch  Sensitivity  'g* 

A  series  of  tests  using  groove-notch  rotating 
beam  apecimsns,  and  described  in  Reference  8, 
ie  compared  with  the  mean  lives  for  the  tests 
carried  out  by  Cicci  in  Reference  7.  The  notch 
sencltlvity  as  shown  In  Figure  A- 3,  vsrtcs  from 
about  0.  S  to  0.  6,  depending  on  the  component 
distribution.  Possibly  tbs  "notch  factor"  dstsr- 
mined  by  rating  the  stress  levels  for  the  same 
proportion  of  components  (described  in  Reference  8) 
for  both  notched  and  unnotched  data,  is  equivalent 
to  the  fatigue  factor  Kf.  This  Utter  quantity  is 
the  ratio  of  alternating  strengths  for  a  given 
fatigue  life,  using  unnotched  and  notched  fatigue 
data  for  the  same  material. 
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THE  PHYSICAL  METALLURGY  AND  PROPERTIES  Or  MARAGING  STEELS 

by 

C.  E,  Pelliasier* 


The  ma raging  steels  are  a  relatively  new  class 
of  iiltrahigh-strength  steels  that  derive  their  high 
strengths  from  hardening  mechanisms  other  than 
the  classical  ones  associated  with  carbon  martens¬ 
ite,  bainite,  or  carbide  precipitation  during 
tempering.  These  steels  have  engendered  a  great 
deal  of  interest  as  constructional  alloys,  particu¬ 
larly  in  extreme -duty  applications  requiring  high 
strength-to-weight  ratios  because  of  their  markedly 
superior  resistance  to  low-stress  fracture,  even 
in  relatively  thick  sections,  as  compared  to  con¬ 
ventional  0.  3  to  0.  5  per  cent  caibon,  quenched- 
and-tempered  lower  alloy  steels,  as  typified  by 
AISI  4340  steel.  The  plane-strain  fracture  tough¬ 
ness  (Kj(.)  of  the  18  per  cent  nickel  maraging 
steels,  at  yield  strength  levels  of  240  to  280  ksi, 
is  more  than  twice  that  of  the  best  AlSl  4340  type 
steels,  and  hardenability ,  in  the  conventional 
sense,  is  not  a  limiting  factor  in  the  heat  treat¬ 
ment  of  thick  sections.  Furthermore,  the  maraging 
steels  possess  the  important  practical  feature  of 
being  relatively  weak,  ductile,  and  tough  after  the 
initial  high- temperature  (1500  to  1650  F)  portion 
of  the  heatHreatment  cycle,  so  that  they  can  be 
more  readily  and  safely  fabricated  into  large 
structures  prior  to  the  final  low- temperature 
aging  at  600  to  900  F  that  develops  the  ultimate 
high  strengths  with  cot  siderably  lower  toughness. 

The  group  of  maraging  steels  originally  devel¬ 
oped  by  the  International  Nickel  Grmpany  corriprised 
a  25Ni-Ti-Al-Cb  alloy,  a  20Ni- Ti- Al-Cb  alley,  si 
18Ni-8Co-5Mo-0.4Ti  alloy,  and  ar  18Ni-9CO'5Mo- 
0.  8Ti  alloy,  all  capable  of  developing  yield 
strengths  in  the  range  250  to  280  ksi.  As  a  result 
of  subsequent  engineering  property  and  fabrication 
evalus.tions ,  the  latter  two  t8Ni  steels,  now  mo.e 
commonly  known  as  the  (250)  grade  and  the  (280) 
grade,  resoectively ,  have  assumed  greater  engi¬ 
neering  importance  and  commereia!  prominence 
than  the  two  steels  containing  more  nickel.  In 
addition,  INCO  has  devised  more  recently  two 
lower  strength  maraging  steels,  having  yield 
strengths  in  the  range  180  to  210  ksi,  th^t  ar^  of 
interest  for  structural  applications  demanding 
considerably  greater  crack  loughness,  but  at 
lower  strength  levels.  One  is  an  18Ni-8Co-4Mo- 
0.  2Ti  steel,  of  the  aame  type  as  the  (250)  grade 
and  the  (280)  grads,  and  the  other  is  a  l2f«i-5Cr- 
lMo-0.2Ti  0.  3A)  steel. 

In  the  few  years  since  these  steels  were  first 
announced,  a  large  body  of  detailed  and  more  or 
leas  empirical  information  about  the  engineering 
properties  of  tt  .se  steels  has  evolved  which  would 
be  difficult  to  properly  assess  and  adequately  sum¬ 
marise  in  t)  s  brief  rtview.  It  seems  more  ap¬ 
propriate,  tKcreiorc,  to  present  what  is  known  of 

*  United  .-tales  Steel  Corporation 
Applied  keseaick  Laboratory 
Monroeville,  Fenneylvanta 


the  basic  fi*atures  of  their  physical  mefelltit-jy  in 
the  context  of  their  more  important  and  unusual 
mechanical  characteristics.  The  scope  of  this 
discussion,  furthermore,  is  limited  to  the  18  per 
cent  nickel  maraging  steels,  in  view  of  their  cur¬ 
rent  engineering  importance,  and  because  the 
present  state  of  knowledge  of  their  metallurgical 
and  mechanical  characteristics  is  considerably 
more  advanced  than  for  the  other  types  of  maraging 
steel.  Qualitatively,  the  physical  metallurgy  and 
mechanical  behavior  of  the  three  18Ni  maraging 
steels  are  very  similar,  as  might  be  expected  from 
their  similar  chemical  compositions.  They  differ 
mainly  in  respect  to  their  Ti,  Mo,  and/or  Co  con¬ 
tents,  which  are  believed  to  exert  only  a  quantita¬ 
tive  influence  on  the  strengthening  reactions  and 
on  the  resulting  combinations  of  strength,  ductility, 
and  toughness  attainable  ir  these  alloys.  Thus,  it 
is  feasible  and  more  convenient  in  the  following 
discussion  of  the  18Ni  maraging  steels  to  draw 
primarily  upon  specific  illustrations  pertaining  to 
the  (250)-grade  alloy,  for  which  most  information 
IS  available,  with  secondary  reference  to  the  (280)- 
grade  alloy,  and  only  occasional  m«  .-tion  of  the 
(200)- grade  alloy. 

MECHAfflCAL  PROPERTIES 

The  recommended  composition  ranges  for  the 
(250)  grade  and  the  (280)  grade  of  18Nii  maraging 
steel,  togeth«;r  with  actual  compositions  of  two 
steels  used  as  illustrations  in  describing  the  mech¬ 
anical  properties  of  these  ‘.tseis,  are  listed  in 
Table  1.  Steel  A  was  from  a  2('-ton,  air-melted, 
elect ric-furnacr  heat,  and  Steel  B  was  from  a  10- 
ton,  consumable- elect  rode ,  vacuum- arc- furnace 
heat.  The  tensile  propertiea  of  the  two  steels, 
after  annealing  for  I  hour  at  1500  F,  and  aging  for 
3  hours  at  900  F,  are  shown  in  Table  2.  The  values 
of  the  stress  intensity  paramstr^r,  K(c,  aa  detsr- 
rnined  from  fatigue- cracked,  notcl'sd- round  tsnaion 
teei  spectmena,  provide  a  quanttulive  mMSure  of 
the  plane-strain  fracture  toughness  of  Stsels  A  and 
B,  in  the  form  of  rclativsly  thick  plaits  (0.8  inch 
and  0.9  inch,  respectively).  Complete  true  stress- 
true  strain<4ension  test  curves  for  the  two  steels  in 
the  aged  condition  appear  in  Figure  1.  These  steels, 
in  both  the  annealed  and  aged  conditione,  tshibil  a 
.elaiively  low  rate  of  work  hardening  at  Urge 
etrains  (above  about  0.5  per  cent),  ae  compared  to 
the  AISI  4140  iy;ie  Steele,  and  plastic  instabilil  '  or 
necking  occurs  st  a  relatively  low  level  of  etraui 
(about  1.5  per  cert),  compared  to  the  total  nominal 
etrain  at  fracture  (about  10  per  cent).  Thus,  .;otd 
rolling  may  be  performed  rattier  eaeily  at  these 
high  strength  levels,  but  di'ep  drawing  may  be  more 
difficult.  Charpy  V-notch  impact  curves  for  Sirele 
A  and  B  appear  in  Figure  2.  Although  these  cur*ea 
do  not  ex.iibil  a  clear-cut  transition  lemperuiure, 
the  energy  absorbed  does  decrease  rather  mark¬ 
edly  with  dccreate  in  temperatu  *e. 
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TABLX  1.  CHXMICAl.  COI4PC6ITlC''.<IS  OF  TWO  GRADES  OF 
MAKAGING  STtKI<* 


Cl«n«nt 

ISNitZSO) 

llNi(2n)) 

Roeommaadod 

Raago 

Staal  A 

E  ccomn  itaddt  4 

Slaa!  B 

Hi 

17-11 

17,46 

IS- 15 

IS.  S3 

Co 

7-*.» 

7.66 

S.  5-9.  5 

9.01 

Mo 

4.I-S.2 

4.S2 

4.  6- 5.  2 

4.81 

Ti 

O.i-O.i 

0.43 

0.5-C  S 

O.SO 

Ai 

0.0V0.15 

0.054 

0.75-0.15 

0.046 

C 

0. 03  rrax 

U.017 

0.03  maa 

0.010 

Mn 

0. 10  maa 

0.046 

0. 10  max 

0.022 

Si 

0.10  max 

0.077 

0. 10  max 

0.061 

a 

0. 010  max 

0  ;i05 

0. 010  max 

0.009 

p 

0. 010  max 

0.  002 

0. 010  max 

o.ao5 

B 

0. 003  addad 

7.0040 

0.  003  addad 

0.0033 

Zr 

0. 02  add^d 

0. 02  addad 

-- 

Ca 

0.  05  'Xdod 

0.  05  addad 

-- 

H 

.. 

0.003 

0.002 

H 

... 

0.000011 

-- 

0. 000009 

O 

<0.001 

<0.001 

•  In  wnighi  par  caal. 


TABLX  i.  TENSUX  PROPKRTUES  OF  TWO  CRAOES  OF 
MARACINC  STUL**I 


GrB4* 

Sp0Ci^ 

BM 

OriMU* 

tl«a 

Tiald 

Slraaftk,)^) 

kBt 

T«ii8il« 

StrM(tkp 

kBk 

tlarnff 
uam  la 

2 lackaa , 

« 

tlMI  ci 
ArBR, 
% 

Kle 

kai/ia. 

f  taal  A  (254)1*) 

L 

254 

243 

SO.  1 

41.1 

T9 

ilaal  A  (254)(c) 

T 

254 

241 

ro 

49.0 

7S 

Slaal  B  (244)(d) 

L 

2S5 

294 

i7.0 

4T 

MmI  S  (2S4)(dl 

T 

247 

29* 

9.0 

19.0 

41 

U1  O.IOS-lnah-itiin'iUr  ap»ctm»M. 
(b)  0.  L  par  c«cl  aMaal. 

<cl  0.  M'Uiv^k-lluek  pUu. 

(41  4.  ITS- kack* (kick  pUia. 


riOVlUCI.  TRt;fi>STRCSS  IRU&STRAIN  CURVES 
FOR  MARAGINC  (2S0)  STEEL  A 
ArrO  MARACINC  UfO)  STEEL  B 


ktiT  iitMKMiuat.r 


FIGURE  2.  CHARPY  V-  NOTCH  IMPACT  TEST 
CURVES  FOR  MARACINC  (250) 
STEEL  A  AND  MARACINC  (280) 
STEEL  B 


TRANSFORMATION  CHARACTERISTICS. 

UNACED  PROPERTIES  AND  MICROSTRUCTURE 

A  trRDifonnRtaon  dirngrun  for  binary  iron- 
nickel  alloy*,  according  to  Pumphrey  and  Jone*,  i* 
reprodocwi  in  figuri;  3.  The  notable  feature*  of  t)u* 
diagram  are;  firet,  the  marked  depression  in  the 
*lpha<— >gam.na  transfornnaticn  temperatures  with 
incrca**  in  nickel  content:  and  second,  tae  increas¬ 
ing  hysteresiii  between  the  cooling  aci  heating  trans- 
formatiofi  temperature,  as  the  nickel  content  is  in¬ 
creased.  Tfee  vertical  intersecting  lines  drawn  at 
a  nickel  content  of  18  per  cent  indicate  only  roughly 
the  martensite  transformation  temperature  ^00  F) 
and  the  aiatinita  reversion  temperature  (1100  F)  'or 
the  ISNi  rrtaraging  steels.  The  continuous  air- 
cooling  trscsformatioa  cur'ves  for  Stools  A  and  B, 
shown  in  Figure  4,  more  accurate'  indicate  the 
martens'.'le  transformation  temperatures  of  the  )8Ni 
grade*  oil  rtaraging  steel;  that  is,  a'liout  400  F  for 
the  (2SC')'>grad*  steel  and  325  F  for  tSe  (280)«grad* 
steel.  Tbtse  curves  were  determined  by  simul- 
taneouilv  measuring  the  temperature  and  tf’.c  mag¬ 
netic  petmeabiliity  of  3/4-inch  diameter  by  S-iuch 
long  cylleirical  specimen*  of  each  steel  during  con¬ 
tinuous  cuoling  in  air  from  the  annealing  temperature 
(1500  P).  The  lower  transformation  temoerature  of 
Steel  B  tvldeatly  is  a  reflection  of  it*  somewhat 
higher  nickel  content  (18.8  versus  17.5  per  cent)  and 
higher  titanium  content  (0. 80  versus  0. 48  per  rent). 

In  this  iiame  chart,  curve*  for  three  experimeittal 
steels  alio  are  shown;  Steel  C  is  an  18Ni-8Co-5Mo 
alley  containing  no  titanium  or  aluminum,  whereas 
Steel  O  is  an  t8Ni-8Co-0. 5Tt  attfy,  and  Steel  E  is  an 
l8Ni-Klo-3.  5Al  alloy,  both  containing  no  molybdenum. 
A  cemfwrisoa  of  curves  (or  Steels  A.  B,  and  C  with 
those  for  jiteels  D  and  E  reveals  the  marked  un- 
fluence  of  naolybdenum  in  towering  the  martensite 
tTaneformitioo  temperature  of  these  ateele. 
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FIGURE  3.  THE  IRON-NldlCEL  TRANSFORMATION 
DIAGRAM  (PUMPHREY  AND  JONES) 


FIGURE  <4.  CONTINUOUS  AIR-COOLING  TRANS¬ 
FORMATION  CURVES  FOR  TWO 
COMMCRCUL  MARAGINC  STEELS 
(A  AND  B)  AND  THREE  EXPERI¬ 
MENTAL  MARAGINC  STEELS 
(C,  D,  AND  E) 


Examples  of  the  mechanical  properties  ob¬ 
tained  in  rolled  plates  of  the  18Ni(250)  and  18Ni<Z80) 
grades  of  maraging  steel,  in  the  annealed  condition, 
are  given  in  Table  3.  By  comparison  with  Table  2. 
and  Figure  I,  it  is  clear  that  the  strengths  of  the 
annealed  materials  are  considerably  lower,  but 
the  levels  of  ductility  and  notch  toughness  are 
markedly  greater  than  for  similar  steels  in  the 
aged  condition. 


TA»Lt  «.  MECHANICAL  PROPERTIES  OF  TWO  MARAGINC  STEELS  IN 
ANNEALED  CONDITION 


WpMlilCA  rrWI 
Stspl  471**) 


St««)  ^ 


CVN 

Spcci-  tmfNict 

mcr.  Ttntll*  Clonga-  Reduction  Soergy 

strpngtk,  Slrtrr.gth,  t;sn,  ofAraa,  (R.T  ). 

Gf»da  tioP!  _  kgi  c»m  c<at  ft-lk 


L 

114 

14S 

14.0 

7i.  4 

100 

T 

UC 

14.0 

44.0 

47 

IRNi(2»C) 

L 

134 

144 

It  0 

4t  4 

4) 

T 

124 

140 

10.0 

4). 4 

44 

fa)  0.  73> .  .ek-tkick  plat*  A'lnaalad  ai  F  amS  air  coolad. 

(b)  0  SO-i  <ch-tbick  plate  annealed  at  14)0  (AC  t  *  1510  (AC). 

The  microstructure  of  an  18Ni(250)-grade 
steel  (Steel  A),  in  the  annealed  condition,  is  shown 
in  Figure  5;  the  cubic  nickell-cnartensite  grains 
appear  to  be  equiaxed  platelets,  containing  several 
subgrains  and  a  very  high  density  of  dislocations. 
Little  evidence  of  microtwins,  such  as  are  com¬ 
monly  observed  in  carbon  martensites  and  in 
higher  nickel  martensites,  could  be  found  in  this 
martensite;  in  occasional,  isolated  areas,  possibly 
constituting  regions  of  microsegregation  of  carbon 
and/or  n>ckel,  a  few  such  twins  were  observed 
(see  Figure  6). 


FIGURE  5.  SiQUlAXCD  MARTENSITE  GRAINS  IN 

MARAGING  (2S0)  STEEL  A,  ANNEALED 
AT  ISOO  F  FOR  I  HOUR  AND  AIR 
COOLED 

X too, 000,  Reduced  approximately  44 
percent  in  printing 
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FIGURE  6.  MARTENSITE  IN  MARAGING  (250) 

STEEL  SHOVUNG  DISLOCATIONS  AND 
TWINS.  TRANSMISSION  ELECTRON 
MICROGRAPH 

X160,000,  Reduced  approximately  44 
percent  in  printing 

AGING  RESPONSE  AND 
AGED  MICROSTRUCTURES 

The  increase  in  hardness  that  occurs  with 
increasing  aging  time,  or  the  aging  response,  for 
different  aging  temperatures  ranging  from  750  to 
900  F,  is  charted  for  the  18Ni(250)  ma raging  steel 
(A)  in  Figure  7,  and  for  the  l8Ni(280)  maraging 
steel  (B)  in  Figure  8.  It  will  be  noted  that  the  lower 
aging  temperature*  provide  higher  peak  hardness 
than  aging  at  the  conventional  temperature  of  900  F, 
but  the  aging  times  required  are  considerably  longer; 
furthermore,  it  has  been  found  that  the  ductility 
and  toughness  values  associated  with  these  higher 
hardness  (and  strength)  levels  are  significantly 
lower.  The  aging  time  required  to  achieve  peak 
hardi.ess  in  both  alleys,  for  the  900  F  aging 
temperature,  is  about  $0  hours. 

The  first  sound  clue  to  the  major  mechanism 
of  age  strengthening  in  these  alloys,  whereby  the 
strength  of  the  annealed  alloy  is  more  than  douoled 
by  the  aging  treatment,  was  obtained  by  means  of 
high-magnification  electron-microscope  examination 
of  extraction  replicas  prepared  from  the  aged  steels, 
coupled  with  electron  diffraction  and  electron  misro- 
probe  analyses.  The  age-hardening  precipitate, 
detected  and  identified  in  this  way,  is  shown  in 
Figure  9.  Utilising  even  higher  resolution  trans¬ 
mission  electron  microscupy  to  examine  extremely 
thin  sections  of  the  aged  alloys,  it  is  possible  to 
clearly  observe  and  measure  the  individual  parti¬ 
cles,  and  to  distii-guish  two  different  types  of 
precipitate,  as  shown  in  Fig  jre  10.  The  predomi¬ 
nant  precipitate  is  ribbon  shaped  and  appears  to 


have  nucleated  and  grown  along  dislocation  lines  in 
the  matrix  in  a  partially  coherent  fashion;  the 
secondary  precipitate  consists  of  smaller  spherical 
or  disc-shaped  particles  that  appear  to  have  nucle¬ 
ated  homogeneouiTy  in  the  matrix  and  to  have  grown 
coherently. 


FIGURE  7.  AGING  RESPONSE  OF  MARAGING 
(250)  STEEL  A 


FIGURE  8.  AGING  RESPONSE  OF  MARAGING 
(280)  STEEL  R 

Early  electron-diffraction  analyses  indicated 
that  the  major  precipitate  was  the  intermetallir 
compourd,  NijMo,  and  that  the  minor  precipitate 
probably  was  NijTi.  To  test  this  hypothesis,  an 
experimental  lSNi-ICo-8Mo  alloy ,  containing 
aluminum  in  place  of  titanium,  was  examined  in 
the  same  manner,  with  the  result  that  only  the 
ribbon-shaped  precipiute  was  observed,  as 
shown  in  Figure  II.  Furthermore,  when  a  (211) 
diffraction  spot  of  the  NijMo  diffraction  pattern 
was  utilised  to  obtain  a  transmissior ,  dark-fveld, 
electron  micrograph  of  the  precipitate,  the  ribbor.- 
shaped  particles  all  appeared  in  bright  contrast 
(Figure  12),  indicating  that  these  particles  were 
the  source  of  the  (211)  reflections  of  the  Ni|Mo 
pattern;  the  image  of  the  microscope  objective 
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FIGURE  9.  AGE-HARDENING  PRECIPITAT*:.  IN 

MARAGING  (250)  STEEL.  ELECTRON 
MICROGRAPH  OF  EXTRACTION 
REPUCA 

X70,000,  Reduced  approximately  44 
percent  in  nrinting. 


FIGURE  10.  ACE- HARDENING  PRECIPITATES  IN 
MARAGING  (250)  STEEL.  TRANS¬ 
MISSION  ELECTRON  MICROGRAPH 

X2S0,0O0,  Reduced  approximately  44 
percent  in  printing. 


FIGURE  II.  AGE-HARDL'  ING  PRECIPITATE  IN 
MARAGING  U50)  STEEL  CONTAIN¬ 
ING  ALUMINUM  IN  PLACE  OF 
TITANIUM.  TRANSMISSION  ELEC¬ 
TRON  MICROGRAPH 
X200,000,  Reduced  approximately  44 
^lercent  in  printing. 


FIGURE  12.  ACL-HARDENINC  PRECIPITATE 

IN  MARAGING  (250)  STEEL.  TRANS¬ 
MISSION  ELECTRON  MICROGRAPH 
(DARK  FIELD) 

XI 60, 000,  Reduced  approximately  44 
percent  in  printing. 
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aperture  is  ahown  centered  on  the  (211)  reflection 
of  the  NijMo  diffraction  pattern  in  Figure  13. 
Electron  diffraction  pattern!  (in  terma  of  inter- 
planar  apacinga)  obtained  from  both  extraction 
replicaa  and  thin  aectiona  of  the  aged  18Ni(2S0) 
maraging  ateel  appear  in  Table  4,  together  with 
atandard  diffraction  patterna  fo:  the  two  inter- 
metallic  compound!,  Ni3Mo  and  Ni^Ti.  Theae  data 
provide  convincing  evidence  that  the  primary 
precipitate  ia  Ni^Mo,  but  the  identification  of  the 
aecondary  precipitate  aa  NijTi  ia  leaa  certain 
becauae  of  the  coincidence  of  some  of  the  atrong 
reflection!  of  thia  diffraction  pattern  with  thoae  of 
the  Ni3Mo  pattern. 


FIGURE  13.  ELECTRON  DIFFRACTION  PATTERN 
OF  MARAGING  (2$0)  STEEL  SHOWING 
IMAGE  OF  OBJECTIVE  APERTURE 
ON  (211)  REFLECTION  OF  NijMo 
USED  FOR  DARK- FIELD  MICROGRAPH 
OF  FIGURE  12 

Thv  reaclta  of  quantitative  electron  microprobe 
analyae*  of  precipita*.ee  extracted  from  the  ISNi 
<2S0)  maraging  ateel  A  and  the  lBNi(280)  maraging 
'•teel  B.  attar  progreaaivelv  longer  timea  of  aging 
at  900  F.  aie  liated  in  Table  5.  The  element!  in¬ 
volved  in  the  precipitated  phaaea  evidently  are 
nickel,  iron,  molybdenum,  titanium,  and  aluminum; 
the  amount!  of  cobalt  contained  in  the  extracted 
pi'ecipitatea  are  conaiderably  leaa  than  the  average 
cobalt  content  of  the  alloy,  and  probably  r-pie  «nt 
matrix  conumination  of  the  replica.  Althu^gh  theee 
analyaca  atone  cannot  eatablieh  the  atoichiometry 
and  cryaialtine  identity  of  the  precipitate  phaaea, 
the  reaulta  are  compatible  with  the  fbidinga  of 
NijMo  an''  NiiTl,  and  auggeat  ijr’^er  that  iron 
replace!  nickel  to  a  coneiderable  extent  in  theae 
phaaea;  that  ia,  the  compounda  are  more  properly 
reprcaerled  by  (Ni,Pc))Mo  and  (Nl,Pe)}Ti.  No 
inicroacopic  or  diffraction  evidence  of  an  alut.iinum- 
bearing  precipitate  waa  found;  the  amount  of  auch 
a  precipitate  obvioualy  xrould  be  Qv>ile  amsU,  ao 
'Hat,  if  *t  occure  *n  theae  alloya,  it  might  wot  be 
detectaole  in  the  presence  of  the  larger  amounta  of 
NijMo  and  Nt]Ti.  Allernalively .  aluminum  may 
aubatitute  for  titanium  in  the  NijTi  precipitate. 


TABLE  4.  INTERPLANAR  SPACINGS  OF 
PRECIPITATES  AND  INTER- 
METALLIC  COMPOUNDS 


Ni3Mo^*) 

Extracted 

Precipitate 

Thin 

Film 

d(A) 

Ni3Ti(b) 

d(A) 

I/Io 

d(A) 

i/]:9 

d(A) 

I/Io 

. 

. 

2.46 

w 

2.49 

2.56 

10 

2.224 

W 

- 

- 

- 

- 

- 

2.220 

M 

2,20 

w 

2.21 

2.  21 

20 

2.  112 

S 

- 

- 

2.  12 

2.  13 

50 

- 

- 

2.08 

w 

• 

2.07 

50 

1.969 

s 

- 

- 

- 

- 

- 

1.951 

vs 

1.96 

s 

1.95 

1.95 

100 

- 

- 

- 

W 

- 

1.72 

20 

1.553 

vw 

- 

- 

1.54 

10 

1,523 

M 

1.51 

w 

1.52 

1.51 

20 

- 

- 

- 

- 

- 

1.330 

20 

1.280 

M 

1.28 

w 

1.28 

1.276 

50 

1.267 

W 

- 

- 

- 

- 

- 

1.  191 

W 

- 

• 

- 

- 

- 

1.  186 

M 

1.  18 

vw 

1.19 

1.  173 

20 

1.  113 

vvw 

- 

- 

- 

• 

1.  lOi 

vvw 

- 

• 

- 

• 

1.094 

M 

1.09 

w 

1.  10 

1.095 

10 

1.085 

w 

- 

• 

1.087 

50 

1.076 

vw 

- 

- 

- 

e. 

1.064 

M 

- 

- 

1.06 

1.068 

50 

1.0S6 

VW 

- 

- 

<• 

1.046 

20 

•* 

- 

- 

- 

a» 

1.038 

20 

(a)  Sea  Reference  S. 

(b)  ASTM  X-Ray  Powder  Data  File. 


TAi.'LE  S.  ELECTRON- PROBE  ANALYSES 
OF  EXTRACTION  REPUCAS 

Steala  A  and  B 


Aging  Treatment 

Compoaition 

t-E* 

r  cent 

Steel 

900  F,  heura 

Ni 

r# 

Mo 

Co 

Ti  A1 

A 

3 

46 

15 

34 

2 

3 

1 

8 

!7 

16 

37 

3 

4 

3 

30 

34 

22 

38 

> 

2 

0.5 

80 

43 

36 

15 

2 

5 

0.4 

8 

3 

47 

13 

It 

2 

6 

0.4 

8 

47 

14 

It 

3 

5 

0.3 

30 

40 

17 

35 

2 

4 

1 

•0 

46 

27 

15 

2 

10 

0.3 

The  decrcaae  in  molybdenum  content  of  the  ex¬ 
tracted  precipitatea  that  occura  u;/<ct  uveragiag 
theae  aUoya  (SO  hours  at  900  F|  ia  believed  to 
atgnify  aome  reaolution  of  the  NijMo  precipitate 
in  the  matrix,  whereaa  the  increaae  in  titanium 
content  may  be  the  t  eault  of  mcreaaed  precipita¬ 
tion  of  NijTi. 


STRENGTHENING  MECHANISMS  AND  ROLES 
OF  THE  ALLOYING  ELEMENTS 

Approxin^Ately  one  half  of  the  yield  strength 
of  the  fully  heat-treated  18Ni  maraging  steels  can 
be  ascribed  to  the  strength  of  the  ron-nickel 
martensite  formed  upon  cooling  from  the  annealing 
temperature.  Recently,  Speich  and  Swann^^)*  have 
concluded  that  the  proposal  of  Winchell  and 
Cohen^^),  namely  that  the  strength  of  carbon  mar¬ 
tensites  IS  primarily  a  result  of  solid-solution 
hardening,  can  be  extended  to  the  iron- nickel 
martensites.  Tbay  ^alimate  that  about  three- 
quarters  of  the  averall  strength  of  an  Fe-25Ni 
alloy  stems  from  solid- solution  hardening,  and 
that  the  temaining  portion  of  the  strength  arises 
from  transfornrtation  substructure  in  the  martensite. 

The  large  incremental  strengthening  (more 
than  double)  of  the  annealed  18Ni  maraging  steel 
that  occurs  upon  aging  is  believed  to  be  the  result 
of  the  precipitation  of  the  intermetallic  compounds, 
NijMo  j.nd  NijTi,  previously  described.  The 
prec^itate  particles  range  in  size  from  100  to 
500  A  and  are  uniformly  distributed  in  the  matrix, 
with  an  average  interparticle  spacing  of  about 
500  X  .  Presumably,  these  particles  have  a  very 
high  elastic  modulus,  and  consequently  a  very 
high  frai  re  strength.  They  are  large  enough  to 
be  above  the  size  likely  to  be  sheared  easily,  and 
in  addition,  they  exhibit  some  coherency  with  the 
matrix  (strain- field  contrast  effects),  which  would 
increase  their  dislocation  resistance.  Further¬ 
more,  since  their  crystal  structures  differ  signif¬ 
icantly  from  that  of  the  matrix,  their  slip  systems 
probably  are  incompatible  with  that  of  the  matrix. 

Thus,  it  appeared  that  the  simple  Orowan 
analysis,  which  relates  the  shear  strength  of  a 
particle-hardened  alloy  to  the  s.hear  strength  of 
the  matrix  and  a  term  involving  the  shear  modulus 
of  the  alloy,  the  Burger's  vector  and  the  inter¬ 
particle  spacing,  should  be  applicable  to  these  18Ni 
maraging  steels.  Using  this  analysis,  calculations 
of  the  interparticie  spacing  required  to  account  for 
the  increase  in  yield  strength  of  an  ISNi  maraging 
(250)^steel  upon  aging,  provide  values  of  400  to 
550  A,  which^agres  well  with  the  observed  spacing 
of  about  SOO  A;  sample  calculations  are  shown  in 
Table  6.  Further  evidence  of  the  validity  of  this 
mecnanisrn  of  strengthening  is  pn.  .  ided  by  (1)  the 
fact  that  the  initial  strain-hardening  rates  (below 
about  0.5  per  cent  strain)  i'  '.hese  steels  are  very 
high,  irrespective  of  their  aged  condition,  and 
(2)  the  obeervation  that  the  dislocation-precipitate 
particle  interactions  in  the  deformed  steels  are  of 
the  type  to  be  expected  if  the  particles  did  not 
shear  initially;  an  example  of  the  latter  effect  is 
shown  in  the  central  area  of  Figure  14,  for  an 
l3Ni-?Co-5Mo  maraging  steel  strained  2  per  cent. 

The  roles  of  the  alloying  elements--Ni,  Mo, 

Ti,  and  Al--in  the  strengthening  mechanisms 
postulated  for  these  stee’s  arc  believed  to  be 
rather  well  established.  The  effect  of  cobalt, 

*  References  are  given  on  page  Igg 


TABLE  6,  CALCULATION  OF  AVERAGE  INTER- 
PARTJCLE  SPACING  IN  AGED 
18Ni(250)  MARAGING  STEEL  A 


Yield 

Yield 

Proportional  Strength 

Strength 

Limit,  (0,02%), 

(0.2%), 

Treatment 

ksi  ksi 

ki7 

Annealed  1  hour  -  177  218  258 

1500  F  +  aged 
30  hour  -  900  F 


Annealed  1  hour  -  >  62  11 1 

1500  F 

Orowan  Relation 

T  =  Tq  +  ,  where  b  =  2.  54  A 

^  I*  =  1.35  X  10^  pai 

for  0.02%  criterion;  t  =  HO  ksi;  =  30  kai; 

L  400  k 

for  0.2%  criterion:  t  =  130  kai;  =  55  kai; 
L~400  A 


FIGURE  14.  DISLOCATION  TANGLES  AROUND 
PRECIPITATE  PARTICLES  IN  AN  ltNi.7Co-5Mo 
EXPERIMENTAL  MARAGING  STEEL  STRAI  NED 
2  PER  CENT.  TRANSMISSION  ELECTRON 
MICROGRAPH 

XI 30,000,  Reduesd  approximately  44 
percent  in  printing. 

however,  remains  an  enigma.  Although  Fe-20Co 
and  Fc-  lSNi-20Co  alloys  undergo  considerable 
strengthening  upon  aging,  reportedly  as  a  result 
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of  matrix  order  hardening,  an  Fe-lENi-8Co  alloy 
doea  not  exhibit  any  significant  age -hardening 
response.  However,  the  strength  of  an  Fe-18Ni- 
5Mo  alloy  is  increased  by  about  40  ksi  by  aging. 

The  addition  of  8  per  cen'  cobalt  to  this  latte:  alloy 
provides  an  additional  strengthening  increment  of 
40  ksi  upon  aging,  Thus,  the  molybdenum  is  essen¬ 
tial  o  the  age  strengthening  of  these  alloys,  and  to 
the  enhancement  of  strengthening  provided  by  cobalt, 
whereas  the  cobalt  alone  is  not  effective;  in  this 
respect,  cobalt  also  differs  from  aluminum  and 
titanium.  Severa'  efforts  to  detect  order  hardening 
in  aged  18Ni(<i‘50)  maraging  steels,  by  electron. 
X-ray,  and  neutron  diffraction  have  not  been  suc¬ 
cessful.  Of  the  several  hypotheses  so  far  advanced 
to  account  for  the  strengthening  influence  of  cobalt 
in  the  18Ni  maraging  steels,  the  most  plausible  one 
seems  to  be  that  the  cobalt  may  provide  a  more 
dense  and  uniform  distribution  of  dislocations  in 
the  marten  tic  matrix  of  the  annealed  alloys, 
which,  in  turn,  creates  many  more  easy  nucleation 
sites  for  the  more  rapid  precipitation  of  finer  and 
more  uniformly  spaced  particles  of  Ni3Mo  and 
N13T1. 

In  addition  to  its  role  in  strengthening,  it  has 
been  found  that  small  amounts  of  titanium,  or 
possibly  some  other  strong  carbide-forming 
element,  are  needed  to  scavenge  the  residual  carbon 
in  these  alloys,  and  so  prevent  precipitation  of  the 
MbC-type  carbide,  (Fe,Mo)^C,  upon  cooling  from 
the  annealing  temperature;  this  reaction  may 
seriously  interfere  with  the  normal,  primary  age¬ 
hardening  reaction  by  effectively  reducing  the 
amount  of  -nolybdenum  available  for  the  formation 
of  Ni3N,o. 

OVEKAGING  AND  AUSTENITE  REVERSION 

It  IS  evident  from  the  900  F  aging  response 
curves  of  Figures  7  and  8,  i  hat  overuging  occurs 
in  the  18.Ni(.l*»0)  n.araging  steel  A  and  the  18Ni(f80) 
maragina  steel  B  for  aging  times  longer  than  10 
hours.  Microscopic  and  X-ray  diffraction  studies 
have  shown  that  this  ph-  nomenon  is  different  from 
that  usually  implied  by  the  U  rm  "overagtng", 
namely,  excessive  coarsening  of  the  strengthening 
precipitate.  Instead ,  cluste  rs  of  precipitate 
particles  redissolve  locally  in  the  matrix  to  form 
small  patches  of  austenite,  which  are  sufficiently 
enrichen  in  Mo,  Ni,  and  Ti  to  remain  stable  upon 
subsequent  a'r  cooling  from  the  aging  temperat  >re. 
An  example  of  the  resulting  microstructure,  show- 
ing  light  patches  of  austenite,  in  an  >8Ni(2S0) 
maraging  steel  that  was  aged  at  1000  F  for  10  hours, 
IS  shown  in  Figu  e  15.  The  amounts  of  reverted 
austenite  formed  in  this  steel  for  aging  times  up 
to  1C''  hours ,  at  each  of  three  aging  temperatures, 
were  determined  by  means  of  X-ray  diffraction 
and  are  plotted  in  Figure  16.  It  was  rather  sur¬ 
prising  to  find  evidence  of  appreciable  austenite 
reversion  for  Aging  times  shorter  than  the  30  hours 
loquirtd  to  attain  peak  hardness  at  900  F,  but  this 
may  be  a  result  of  localised  segregation  of  some  of 
the  alloying  elements.  Although  the  presence  of 


cobalt  in  these  alloys  tends  to  minimize  this 
softening  effect  by  raising  the  Ag  temperature, 
higher  peak  hardnesses  are  attained  at  aging 
temperatures  below  900  F,  possibly  because  less 
austenite  reversion  occurs  before  the  precipitation¬ 
hardening  reaction  reaches  maturity. 


FIGURE  15.  REVERTED  AUSTENITE  IN  MARAG- 
ING(i50)  STEEL  OVERAGED  FOR  10  HOURS  A1 
1000  F.  ELECTRON  MICROGRAPH  OF 
PLASTIC  REPLICA 

X3^,000,  Reduced  approximately  44 
percent  in  printing. 


FIGURE  16.  AMOUNT  OF  REVERTED  AUSTENITE 
IN  MARAGING  U50)  STEEL  FOR  VARIOUS  AGING 
TIMES  AND  TEMPERATURES 


. _ 
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INTERDENDRITIC  SEGREGATION,  BANDING, 

and  retained  austenite 

Metallographic  examination  of  longitudinal 
sections  of  plates  rolled  from  the  earliest  produc¬ 
tion  heats  of  18Ni(250)  mar  aging  steel  revealed 
rather  pronounced  segregation  banding  and  layers 
of  retained  austenite,  as  shown  in  Figure  17. 
Electron-microprobe  analyses  of  the  dark  segre¬ 
gated  bands  and  of  the  austenite  layers  revealed 
that  they  contained  considerably  greater  amounts 
of  nickel,  mol/bdenum,  and  titanium  (also  sulfur) 
than  the  suriounding  matrix,  fs  indicated  in  Table 
7;  X-ray  diffraction  measurements  indicated  that 
this  steel  contained  more  than  6  per  cent  retained 
austenite.  This  heterogeneity  manifested  itself 
mechanically  as  longitudinal  "splits"  in  fractures 
of  smooth  tension-test  specimens,  and  as  "internal 
shear  lips"  in  fractures  of  fatigue-cracked, 
notched- round  tension-test  specimens  that  were 
used  to  determine  plane-strain  fracture  toughness 
(Figuie  18).  When  longitudinal  sections  cut  through 
these  fractured  specimens  were  investigated  metal- 
log  raphically ,  it  was  found  that  the  splits  or  shear 
lips  intruded  a  considerable  distance  below  the 
fracture  surface,  along  the  austenite  layers,  as 
shown  in  Figure  19.  The  possible  influence  of  this 
condition  on  directional  differences  of  plane-strain 
fracture  toughness  (Gnc)  in  such  plates  also  was 
investigated  by  preparing  and  testing  single-edge- 
notch,  fatigue-cracked,  tension  test  specimens  of 
four  different  orientations  from  \  single  plate,  as 
indicated  in  Figure  20.  The  test  results  (Figure  20/ 
clearly  demonstrated  that  when  the  crack  plane  and 
direction  were  oriented  normal  to  the  planes  of 
banding  (C),  the  iracture  toughness  was  considerably 
greater  than  vhen  the  crack  plane  was  normal  to 
the  bands,  but  the  crack  direction  was  parallel  to 
the  bands,  either  parallel  to  the  rolling  direction 
(B)  or  perpendicular  to  the  rolling  direction  (A), 
furthermore,  when  the  crack  plane  an  '■  direction 
both  were  parallel  to  the  plants  of  banding  (D),  (he 
measured  fracture  toughness  was  decidedly  inferior. 

To  obtain  some  direct,  v.sual  evidence  of  the 
effects  of  banding  on  the  microscof.ic  path  of 
fracture  in  these  variously  oriented  test  specimens, 
the  fracture  surfaces  were  electroplated  with 
nickel,  and  polished-and-etched  longitudinal  sec¬ 
tions  were  metallographically  examined  to  deter¬ 
mine  the  fracture  profiles  in  the  regions  corres¬ 
ponding  to  plane-strain  fracture.  The  fracture 
profile  of  the  A-oriented  specimen  ( ir  of  the 
B-oriented  specimens)  did  not  exhibit  any  pronounced 
influence  of  the  banding  on  the  microscopic  path  of 
fracture  (Figure  21),  bit  the  profile  of  the  C- 
oriented  specimen  (Figure  22)  showed  quite  cl'^ar^y 
that  the  fracture  frequently  detoured"  abruptly  from 
Its  mam  course,  ufKOn  encountering  segregation 
bands  at  approximately  normal  incidence,  creating 
a  rough,  jagged  surface.  Thus,  tne  segregation 
bands  and  residual  austenite  laminae  appear  to 
act  as  minute  "internal  crack  arrestors"  which 
tend  to  impede  and  divert  the  main  propagating 
crack,  forcing  it  to  follow  a  rather  circuitous 


path  involving  more  plastic  deformation,  and 
thus  effectively  raising  the  fracture  toughness  of 
the  material  in  this  test  orientation.  In  the  case 
of  the  D-oriented  specimen  (Figure  23),  the 
fracture  occurred  predominantly  along  the  bands, 
occasionally  atepping  up  or  down  from  one  band 
to  another  through  interconn*  cting  bands;  this 
type  of  fracture  involves  considerably  less  plastic 
deformation  and  energy  absorption.  The  overall 
effect  of  this  banding  generally  is  considered  to 
be  undesirable  because  the  strength,  ductility,  and 
toughness  in  tne  through-thickness  direction  cf 
plates  is  impaired,  and  low- energy  fractures  can 
occur  under  certain  loading  conditions  involving 
combined  stresses. 

The  segregation  pattern  visible  in  the  micro¬ 
graph  of  Figure  23  represents  the  vestiges  of 
microscopic  interdendritic  segregation  that  occurred 
upon  solidification  of  the  ingot.  The  local  enrich¬ 
ment  in  nickel,  molybdenum,  and  titanium  of  the 
laut,  low-melting  liquid  to  freeze  in  the  interstices 
between  dendrite  cores  and  branches  evidently  is 
sufficient  to  cause  the  segregation  to  persist 
through  thermal  soaking  and  hot-working  operations 
normally  used  in  the  production  of  plate.  This 
condition  is  a  difficult  one  to  rectify  by  alloy 
modification,  or  changes  in  melting  or  casting 
practice.  However,  recent  alterations  in  plate 
processing  by  LJ.  S.  Steel  have  succeeded  in  mini¬ 
mizing  the  segregation  to  the  point  where  nc  resid¬ 
ual  austenite  is  found,  banding  as  revealed  by 
etching  is  relatively  light  (Figure  24),  and  e’ectron- 
microprobe  analytes  indicate  a  marked  reduc  on 
of  alloying  element  segregation  (compare  Table  <3 
with  Table  7).  Furthermore,  the  fracture  surfaces 
of  smooth  and  notched  tension-test  specintens, 
Charpy  V-notch  impact  test  specimens,  and  slow 
notch-bend  fracture-toughness  test  specimens,  cut 
from  recent  production  plates,  do  net  exhibit 
splits  or  internal  shear  lips,  an  example  of  the 
notched-bend  test  fracture  surface  appearance  is 
shown  in  Figure  2S. 

DIRF '^TIONALITY  O F  TEN SILE  PROPERTIES 

Differences  between  tne  longitudinal  and 
transverse  tensile  properties  of  the  18Ni(2S0)  and 
l8Ni(280)  grades  of  ma raging  steel  plate  generally 
are  observed  after  the  conventional  annealing 
treatment  (ISOO  F  for  I  hour).  Such  directionality 
of  mechanical  behavior  .nay  be  o'  concern  i.t  deep- 
drawing  appltca'iont  because  of  earing  tendencies. 
These  differences  exist  even  tiiough  the  cross- 
rolling  ratios  used  in  plate  rolling  exceed  unity, 
and  they  are  not  necessarily  a  reflection  of  tie 
banding  referred  to  earlier,  but  rather  appear  to 
be  associated  wiiii  anisotrepy  of  prior  austenite 
gram  shape  and  orientation,  at  indicated  in  the 
micrograph  of  Figure  26.  Recently  it  had  been 
found  that  a  double-annealing  treatment  consisting 
of  austenitisatior  at  ibSi)  F.  followed  by  a  second 
austenitiration  at  about  I^OC  F,  results  in  equiaxed 
prior  autienile  grams  of  larger  sire  (Figure  27). 
and  in  consideiably  smai<er  drfferences  between 
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FIGURE  17.  AUSTENITE  AND  SEGREGATION 
BANDS  IN  ROLLED  PLATE  OF  MARAGFmG 
(Z50)  STEEL.  LIGHT  MICROGRAPH  OF 
POLISHED  AND  ETCHED  LONGITUDINAL 
SECTION. 


X200,  Reduced  approximately  21 
percent  in  printing. 

TABLE  7,  ELECTRON-MICROPROBE  ANALYSES 
THROUGH  THICKNESS  OF  EARLY 
PRODUCTION  PLATE  (3/4- inch-thick) 


FIGURE  19.  FRACTURE  PATH  THROUGH 
AUSTENITE  BANDS  IN  SMOOTH  TENSION- 
TEST  FRACTURE  SHOWN  IN  FIGURE  18. 
LIGHT  MICROGRAPH  OF  POLISHED  AND 
ETCHED  LONGITUDINAL  SECTION. 

X200,  Reduced  approximately  21 
percent  in  printing, 

OmtNUTlON 

A  24S 

•  230 

C  310 

0  ISO 


Element  Concentration, 
_ per  cent _ 


Area  Analyzed 

Ni 

Mo 

Ti 

Austenite  bands 

10,1 

6.  3 

0.81 

(white) 

Dark  bands 

19.4 

S.O 

0.  S6 

Light  bands 

'7.6 

4.  3 

0.  38 

(matrix) 

17. 6/20. 2 

4.  3/6.  3 

0.38/0. PI 

Note:  Greater  than  4  per  cent  retained  austenite 
by  X-ray  diffraction. 


FIGURE  18.  FRACTURE  APPEARANCE  OF 
SMOOTH  AND  NOTCHED  TENSION-TEST 
SPECIMENS  OF  MARAGING  (.IjO)  STEEL 
SHOWING  LONGITUDINAL  ’•SPLITS"  AND 
"INTERNAL  SHEAR  LIPS" 


FIGURE  :0.  VARIATIONS  IN  FRACT.  RE  TOUGH¬ 
NESS  (Gnp)  WITH  SPECIMEN  ORIENTATION  IN 
MARAGING  (2S0)  STEEL  PLATE  (I-  I/S-INCH- 
THICK) 


FIGUPE  21.  FRACTURE  PROFILE  OF  "POP-IN" 
REGION  OF  SPECIMEN  "A  '.  LIGHT  MICRO¬ 
GRAPH  OF  POLISHED  AND  CTCHED  SECTION 
X200,  Reduced  appruxii  lately  21  percent  in  printing. 
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FIGURE  22.  FRACTURE  PROFILE  OF  "POP-IN" 
REGION  OF  SPECIMEN  "C".  LIGHT  MICRO¬ 
GRAPH  OF  POLISHED  AND  ETCHED  SECTION 

X200,  Redat-'id  approximately  21 
percent  orinting. 


i  } 

‘^r'. 


» -A-t 

siL-T  - 


FIGURE  24.  LIGHT  BANDING  IN  MARAGING  (250) 
STEEL  PLATE  (0.73-INCH-THICK)  OF  RECENT 
PRODUCTION.  LIGHT  MICROGRAPH  OF 
ETCHED  LONGITUDINAL  SECTION 
XlOO,  Reduced  approximately  21 
percent  in  printing. 


A.  Longitudinal 


FIGURE  23.  FRACTURE  PROFILE  OF  "POP-IN" 
REGION  OF  SPECIMEN  "D".  LIGHT  MICRO¬ 
GRAPH  OF  POLISHED  AND  ETCHED  SECTION 
X200,  Reduced  approximately  ?1 
percent  in  printing. 

TABLE  8.  ELECTRON-MICROPROBE  ANALYSES 
THROUGH  THICKNESS  OF  RECENT 
PRODUCTION  PLATE  (3/ 4- inch- thick) 

Element  Concentration, 
_ per  cent _ 


Area  Ana 

lyzed  Ni 

Mo 

Ti 

Light 

18.  1 

5.0 

0.  30 

Dark 

17.4 

4 .  6 

0.  28 

Light 

18.  5 

4.  9 

C.  32 

Dark 

17.  6 

4.  5 

0.  29 

Light 

18.  5 

5.  1 

0.  33 

Dark 

17.  7 

17.4/ 18. 5 

4.  5 

4.  5/5.  1 

0.  30 

0. 28/0 

Note:  No  retained  austenite  detected  by  X-ray 
diffraction. 


B.  Transverse 


FIGURE  25.  FRACTURE  APPEARANCE  OF 
FATIGUE- CRACKED,  SLOW-NOTCH- BEND , 
FRACTURE-TOUGHNESS  TEST  SPECIMENS 
OF  MARrtGING  (250)  STEEL  PLATE  (0.  73- 
INCH- THICK)  OF  RECENT  PRODUCTION 
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FIGURE  Zb.  GRAIN  STRUCTURE  OF  MARAGING 
(3B0)  STEEL  PLATE  (0.  2<d-INCH- THICK) 
ANNEALED  AT  l^OO  F  FOR  1  HOUR.  LIGHT 
MICROGRAPH  OF  ETCHED  LONGITUDINAL 
SECTION 

XlOO,  Reduced  approximately  21 
percent  in  printing. 


FIGURE  27.  CRAIN  STRUCTURE  OF  MARAGING 
(250)  STEEL  PLATE  (0.  22.INCH  THICK) 
ANNEALED  AT  1650  F  FOR  i  HOUR  AND  THEN 
AT  1500  F  FOR  I  HOUR.  LIGHT  MICROGRAPH 
OF  ETCHED  LONG!'.  UDINAL  SECTION 

XlOO,  Reduced  approximately  21 
percent  in  printing. 

the  longitudinal  and  tranaveree  tenctle  propertiea 
(Table  9).  The  mechanism  responsible  lor  the 
eifect  has  not  been  established,  but  it  is  conjecture/, 
that  the  first  higher  temperature  anneal  may 
redisaolve  some  ho<indary  precipiU‘«>  ai  the  eurUces 
of  the  elongated  austenite  grains  in  i  he  hot*  rolled 
plate,  permitting  equiaxed  grain  growth  dun.ig 
the  second  anne.^1. 

THERMAL  EMBRITTLEMEN  1 

In  some  early  exploratory  work  .  n  the  austeniti¬ 
sation  anti  homogenisation  of  the  IONi(250)  maraging 
steel,  it  was  found  that  heating  a'  2200  to  2300  F 
for  extended  periods  of  tiir.e  g.'satly  reduced  segre¬ 
gation  and  banding,  but  causrd  considerable  austen- 


TABLE  9.  EI  FEC^  OF  DOUBLE  ANNEALING  TREATMF*  f 
ON  DIRECTIONALITY  OF  TENSILE  PROPEF  .lES 
(0.  46- inch-chick  plate) 


Direction 

Yield  Strength  Tentilr 
(0.  Z%  Of(aet),  Strength, 
kii  kni 

Elongation 
in  2  Inch'  . 
per  C'  .t 

Reduction 
uf  Area, 
per  cent 

.Single  Anneall^l 

L 

2SZ 

263 

10 

46 

T 

270 

277 

8 

30 

Double  Ann  al(^) 

L 

257 

.66 

10 

45 

T 

261 

271 

9 

38 

(a)  1510  F  +  900  F--3  hoi- 

(b)  1650  F  -I  1510  F  +  9C  F--3  hours. 

•tic  grain  growth,  ,ncl  marked  impairment  of  duc¬ 
tility  and  notch  to  ghness  after  subsequent  con¬ 
ventional  heat  tr  atment.  Fracture  of  impact  test 
specimens  of  th  fully  h^at-treated  material  oc¬ 
curred,  with  Ir  ir-en?rgy  absorption,  almost  ex¬ 
clusively  alon),  prior  austenite  grain  boundaries; 
an  example  of  .he  fracture  profile  of  such  a  speci¬ 
men  is  shown  ir  Figure  28.  Electron-microscope 
examination  f  this  fracture  profile  at  higher  mag¬ 
nification  (F  gure  29)  revealed  that  the  plastic 
deformation  which  had  occurred  during  intergran¬ 
ular  fractur  ; ,  wait  extremely  localized,  indicating 
a  weak  bou  dary  situation.  Upon  subsequent  in¬ 
vestigation  of  the  fine-scale  microstructure  of  this 
homogeniz  d  steel,  bv  means  of  high- resolution 
transmisi  on  electron  microscopy  of  extremely 
thin  secvi  ns,  a  pattern  of  interconnecting  "canals" 
correspo  ding  lo  gram  boundaries  was  observed, 
within  w)  .ch  there  was  practically  no  fine  precipi¬ 
tate,  but  instead,  a  thin,  almost  continuous  film 
of  some  segregate  phase,  as  shown  m  Figure  30 
The  ide  tify  of  this  film  has  not  been  established, 
althouf  I  It  IS  suspected  to  be  titanium  carbide,  or 
possib  y  agglomerated  precipitate  phase.  This 
mierr  structural  phenomenon  has  been  observed  in 
othei  age -Hardening  systemr  ,  and  evidently  it  does 
acce  int  for  the  occurrence  of  the  low-energy 
inte  .’granular  fracture. 

This  thermal  embrittlement  effect  is  believed 
1 1  be  closely  related  to  the  isothermal  embrittle¬ 
ment  of  ISNi  maraging  steels  discussed  by 
Novak.  It  IS  to  be  noted  that  this  thermal 
embrittlement  result(<d  from  thermal  treatment 
alone,  when  hot  working  operations  are  performed 
between  the  higii-temperature  hamoge^.isation 
treatment  and  the  lower  temperature  sustenitiia- 
tion  treatment,  su^'h  embrittlement  usually  is  not 
evident. 

THERMAL  STRElSb  AfC  WELD  CRACKING 

When  high  heat  input  cutting  processes,  such 
as  plasma-arc  cutting,  jre  used  to  cut  heavy  sec¬ 
tions  of  iSNi  maeagmg  steels,  fine  hairline  cracking 
at  some  distance  behind  the  cut  edge.  In 
theee  cases,  it  generally  is  observed  that  the  cracks 
originate  near  the  interface  between  the  hi jh- 
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FIGURE  28.  INTERGRANULAR  FRACTURE  IN 
MARAGING  (250)  STEEL  THAT  HAD  BEEN 
HOMOGENIZED  AT  2300  F  FOR  16  HOURS 
PRIOR  TO  NORMAL  HEAT  TREATMENT. 
LIGHT  MICROGRAPH  OF  POLISHED  AND 
ETCHED  SECTION  CUT  NORMAL  TO  PLANE 
OF  FRACTURE 

X200,  Reduced  approximately  21 
percent  in  printing. 


FIGURE  29.  SEVERE  LOCALIZED  DEFORMA¬ 
TION  ALONG  PRIOR  AUSTENITE  CRAIN 
BOUNDARIES  OF  FRACTURE  SHOWN  IN 
FIGURE  28.  ELECTRON  MICROGRAPH 
OF  REPLICA  OF  POLI.SHED  AND  ETCHED 
SECTION 

Xl0,000,  Rr'*aced  approximately  44 
pe  rc  t  in  printing. 


FIGURE  30.  GRAIN-BOUNDARY  REGIONS 
DENUDED  OF  PRECIPITATE  AND  CONTAINING 
"STR’NGEPS"  OF  A  SEGREGATE  PHASE  IN 
STEE^  CF  HGURE  28.  TRANSMISSION 
ELECTRON  MICROGRAPH 

X140,000,  Reduced  approximately  44 
percent  in  printing. 

temperature  zone,  vehich  undergoes  complete  re- 
austenitization  daring  cutting,  and  the  adjacent 
lower  temperature  zone,  where  only  partial  re¬ 
version  to  austenite  taxes  place.  The  cracks 
usually  propagate  in  a  direction  normal  to  the 
cut  edge,  and  are  located  mainly  rear  the  mid- 
thiCKness,  where  thermal  stresses  rormal  to  the 
plate  surfaces  would  be  expected  to  be  high.  On 
a  microscopic  scale,  this  cracking  follows  prior 
austenite  gram  boundaries,  as  sho>i^n  in  the 
electron  micrograph  of  Figure  31;  these  cracks 
started  at  a  point  about  1/4  inch  behind  the  plasma- 
arC'Cut  e  dge  of  a  4- inch- thick  plate  and  ran  a 
distance  of  about  1/8  inch. 

Electron  metallographic  examination  of  the 
microetructure  of  the  steel  near  tV  point  of  origin 
of  the  cracks  revealed  an  almost  continuous  thin 
network  of  reverted  austenite  at  the  prior  austenite 
gram  boundaries,  and  somewhat  less  continuous 
films  at  the  naartensite  gram  boundaries  (Figure 
32).  In  addition,  extraction  replicas  prepared 
from  the  same  region  exhibited  long,  branching 
dendritic  particles,  also  located  at  grain  bounda¬ 
ries,  as  shown  in  Figure  33,  these  particles  were 
identified  as  titanium  carbide  (TiC)  by  means  of 
electron  diffraction.  Thus,  this  microstructural 
situation  is  quite  similar  to  that  previously  d  s- 
cussed  in  connection  with  thermal  embrittlement 
and  IS  believed  to  account  for  the  cracking  which 
occurs  upon  plasma-arc  cutting.  Remedial 
processing  measures  recently  have  been  developed 
to  minim  ze  or  pre- ent  such  cracking. 
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FIGURE  31.  CRACKS  ALONG  PRIOR  AUSTENITE 
GRAIN  BOUNDARIES  IN  PLASMA-ARC  CUT 
MARAGING  (250)  STEEL  PLATE  (4- INCH- 
THICK) 

X  10, 000,  Reduced  approximatey  44 
percent  in  printing. 


FIGURE  32.  REVERTED  AUSTENITE  AND 
TITANIUM  CARBIDE  PARTICLES  ALONG 
GRAIN  BOUNDARIES  IN  VICINITY  OF  CRACK 
IN  PLASMA-ARC  CUT  MARAGING  (250) 
■STEEL  PLATE 


FIGURE  33.  DENDRITIC  TITANIUM  CARBIDE 
PARTICLES  IN  EXTRACTION  REPLICA  OF 
AREA  SHOWN  IN  FIGURE  32 


X70,000,  Reduced  approximately  44 
percent  in  printing. 

A  similar  investigation  o:  cracking  in  the  weld 
metal  of  a  submerged-arc  weld  in  a  2- inch-thick 
plate  also  indicated  that  the  cracks  were  intergranu¬ 
lar  and  were  associated  with  a  small  degree  of 
austenite  reversion  at  prior  austenite  grain  bounda¬ 
ries  coupled  vith  precipitation  of  almost  continuous 
chains  of  ti'  i'  .um  carbide.  In  the  schematic  diagram 
of  this  weldment  'Figure  34),  the  crack  is  shown 
near  the  quarter-thickness ;  it  appeared  to  have 
originated  near  the  interface  between  the  weld- 
deposited  metal  and  the  fusion  zone  of  the  parent 
plate.  Electron-metallojj raphic  examination  of 
the  region  near  this  crack  revealed  a  microstructure 
similar  to  that  shown  in  Figure  32;  an  X-ray 
diffraction  determination  of  the  amount  of  reverted 
austenite  in  this  same  area  yielded  a  value  of  about 
7  percent.  Extraction  replicas  prepared  from  this 
region  exhibited  almost  coatirtuous  chains  of  fine 
particles  along  gr,.in  boundaries,  as  shown  in 
Figure  35;  these  particles  were  identified  as 
titanium  carbide  (TiC)  by  means  of  electron  diffrac¬ 
tion.  The  microstructure  in  Region  C  of  the  weld 
metal  was  found  to  be  about  the  same.  In  ccntrast 
to  this  condition  near  the  qj.  rter  thickneu^,  the 
micro.structure  near  the  center  of  the  weld  (Region 
A)  consisted  of  a  cored,  dendritic  structure  con¬ 
taining  about  50  per  cent  austenite,  whereas  near 
the  surface  (Region  B),  the  microstructurc  closely 
resembled  that  of  the  slightly  aged  parent  plate 
steel  r.nd  contained  less  than  2  per  cent  austenite. 


X  10, 000,  Reduced  approximately  44 
percent  in  printing. 
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FIGURE  34.  SCHEMATIC  DIAGRAM  OF  WELD 
IN  MARAGING  (^50)  STEEL  PLATE  (2-INCH 
THICK) 


EFFECTS  OF  MINOR  AND  RESIDUAL  ELEMENTS 

TKe  influence  of  reaidual  elements  on  the 
notch  tojghness  of  iSI'iiicEiO)  maraging  steel  has 
been  reported  in  some  detail  by  Novak  and 
Diran.^  ^  In  general,  later  experience  has  con¬ 
firmed  those  finding'i.  Sulfur  evidently  is  quite 
detrimental  to  toughn«  ,  as  it  forms  platelets  of 
titanium  sulfide  (TiS),  »nd  possibly  iron  sulfids  , 
which,  upon  rolling,  become  flattened  out  into 
thinner  but  more  extensive  plates,  in  these 
managing  steels,  th<  relatively  h'jh  level  of 
titanium,  coupled  w'th  the  rather  low  levels  of 
rranga>iese  and  silicon,  preclude  formation  of  the 
iron-mi'nganese-silicon-aulfur  inclusions  that 
normally  occur  in  most  other  types  of  steel.  The 
addition  of  small  amounts  of  CvSlcium  to  tSiese 
steels  does  not  seem  to  effect  any  significant 
desulfurisation.  C.irbon  also  appears  to  .have  a 
deleteri  lus  influence  on  notch  toughrers  especially 
in  amounts  over  0.03  percent,  since  it  forms 
titanium  carbide  (TiC)  particle'j,  both  in  tfie  form 
of  rather  large  particles  in  the  as-produred 
material  and  as  very  fine  pr,rticles  whici  subse¬ 
quently  precipitat'i  and  redissolvc  in  gram- 
liouindary  regions  during  certain  heat  treatments. 
.Diffraction  information  generally  has  indicated 
that  the  coarse  particles  are  titaniun;  carbonitridc 
(TiCN),  rather  than  the  simple  carbide.  The  small 
amounts  of  boron  and  sirconium  added  to  these 
alloy*  ,  presumably  to  retard  carbide  agglomeration 
at  grain  boundaries  as  in  nickcl-base  alloys,  do 
not  seem  to  be  beneficial.  Both  the  TiS  and  TiCN 
particles  frequently  are  observed  in  fr  ich^re 
surfaces.  They  are  shown  together,  in  close 
association,  in  the  light  i  licrograph  of  Figure  36a. 
X-ray  fluorescence  microscar.  images,  obtained 
with  an  el ‘ctron-microprobe  analyser,  of  this 
same  are.',  are  shown  in  Figu  re  36b  for  sulfur 
radiation,  in  Figure  36c  for  titanium  radiation, 
and  ir  Figure  36d  for  iron  radiation.  The  large 


FIGURE  35.  TITANIUM  CARBIDE  PARTICLES 
ALONG  GRAIN  BOUNDARIES  IN  MARAGING 
STEEL  WELD- METAL  NEAR  CRACK. 
EXTRACTION  REPLICA 

X10,000,  Reduced  ap',>roximateIy  44 
percent  in  printing. 

grey  platelets  evidently  are  TiS  containing  some 
iron,  whersas  the  smuUer,  dark,  chunky  particles 
are  believed  to  be  TiCN. 

Silicon  also  im|iaira  the  toughness  of  these 
steels,  especially  in  amounts  over  0.  1  per  cent. 
However,  at  lew  silicon  levels,  manganese  in 
amounts  up  t'.  ^bout  0.  3  percent  does  not  appear 
to  be  harmful. 


CONCLUSION 


In  conclusion,  it  may  be  stated  that  the  mar- 
aging  steels  re|.  resent  a  major  and  important 
advance  toward  the  goal  of  achieving  ultrihigh- 
strength  steels  for  use  in  constructional  applica¬ 
tions  requiring  high  integrity.  The  ;<hysical 
metallurgy  of  this  new  class  of  stssls  differs 
considerably  from  that  of  the  0,  3  to  0.  5  percent 
carbon  martensitic  siloy  steels  of  comparable 
sttength,  and  this  may  account  for  some  of  the 
difficulties  that  have  been  experii  iced  in  early 
applications  of  these  materials.  It  is  equslly 
clear,  however,  that  the  art-and-scisnes  uf 
producing,  fabricating,  and  utilising  these  stscU 
has  been  developing  rapidly  in  recent  months,  as 
more  knowledge  and  experisnee  have  been  gained 
as  a  result  of  broadening  uae. 
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FIGURE  36.  LIGHT  MICROGRAPH  AND  X-RAY  MICROSCAN  IMAGES  OF  TiS  AND 
TiC  PARTICLES  IN  POLISHED  SURFACE  OF  A  DELAMINATION  IN  MARAGINGUSO) 
STEEL  PLATE 


X750,  Reduced  epproKimetely  44  percent  in  printing. 
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THE  POTENTIALS  OF  QUENCHED-AND-TEMPERED 
HIGH-STRENGTH  STEELS 

by 

S.  W.  Hollingum* 


SUMMARY 

The  majority  of  very  high-etrength  steels 
currently  employed  are  quenched  and  tempered 
steels.  In  their  development  use  has  been  made 
of  alloying  elements  which  strengthen  the  ferrite 
and  carbides,  retard  martensite  breakdown, 
suppress  transformation  volume  changes,  and 
promote  secondary  hardening.  Martensitic  and 
secondary  hardening  are  also  controlled  during  heat 
treatment,  or  microstructures  may  be  transformed 
isothermally,  to  give  properties  to  suit  a  wide 
range  of  designs. 

The  chief  steels  in  this  group  ate  (1)  low 
alloy  (Ni-Cr-Mo-V-Si,  Cu-Si-Mo-V  ,  Ni-Si-Mo-V, 
and  low  Cr-Mo-V),  (2)  modified  die  steels 
(5Cr-Mo),  and  (3)  high-alloy  steels  (9Ni-4Co). 

They  possess  0.  2  per  cent  proof  stress  values  up 
to  about  280  ksi,  combined  with  adequate  toughness, 
good  ductility,  and  high  resistance  to  fatigue:  also, 
they  can  be  used  at  temperatures  below  the  tem¬ 
pering  temperature,  say  up  to  1000  F  (540  CL 

These  inexpensive  steels  are  readily  produced 
by  conventional  methods  and  factors  likely  to  retard 
their  use  are  being  overcome.  High  purity  was 
required  to  enhance  transverse  ductility,  impact 
resistance,  fatigue  strength,  and  weldability; 
and,  therefore,  improved  refining  and  vacuum 
melting  and  casting  techniques  have  been  intro¬ 
duced.  The  usual  care  is  needed  dui  .ng  heat 
treatment  to  avoid  serious  decarburitation,  dis¬ 
tortion,  and  quench  cracking.  Some  final  machin¬ 
ing  oparations  carried  out  after  heat  treatment 
have  presented  difficulties,  but  satisfactory 
techniques  have  been  evolwu.  Problems  of  hydro¬ 
gen  embrittlement  during  pickling  and  cadrrium 
plating  were  experienced,  and  modified  or  alterna¬ 
tive  protection  processes  are  now  in  use.  Re¬ 
search  into  factors  influencing  fracture  toughness 
is  required,  although  steels  in  this  group  can  now 
be  produ  ed  with  fracture  toughness  properties 
comparable  with  those  of  maraging  materials. 

The  success  achieved  in  rocket*enotor  bodies, 
aircraft  undercarriages,  engkie  mountings,  and 
other  structural  componenfs,  has  encouraged 
development  and  stimulated  estenaion  of  their  uee 
in  other  fields.  Improvements  in  power-to- weight 
rstio,  mt^ility,  transportability,  and  efficiency 
in  design,  are  poseible  in  weepone,  carriagee, 
lanks,  and  vehicle  component#,  particularly 
apringa. 

•  Ministry  of  Defence,  Rcyal  Armament  Research 
and  Development  £slahlii.hment,  Port  Haletcad, 
Sevenoaks,  Kent,  England. 


Hitherto,  these  steels  have  been  used  in 
wrought  forms,  but  recent  research  has  lead  to 
the  production  of  castings  with  strengths  in 
erxes-  of  225  ksi.  Quenched  and  tempered  steels 
alio  have  a  great  potential  for  ausforming  to  give 
strengths  in  excess  of  400  ksi. 

INTRODUCTION 

When  surveying  the  potentiality  of  very  high- 
strength  steels,  it  is  appropriate  to  recall  that 
the  quenched-and-tempered  steels  have  been  the 
basis  for  engineering  development  over  the  past 
eighty  years.  At  the  turn  of  the  century,  alloying 
elements  were  being  considered  for  the  first  time, 
and  it  is  interesting  to  note  that  in  1905  Or.  Harold 
Moore  of  the  Chemical  Research  Department, 
Woolwich,  England,  arranged  for  the  preparation 
of  a  series  of  steels  with  between  0,25  to  6.4  per 
cent  chromium,  having  uniform  luv  carbon  content 
and  with  all  other  elements  kept  to  the  minimum 
then  possible.  H)*  Since  then,  on  both  sides  of  the 
Atlantic,  there  have  been  classical  researches 
into  the  effecta  of  alloying  elements  on  temper 
brittleness,  time- temperate  re  relationships  for 
austenite  transformation,  hardening,  hardenability, 
and  many  other  phenomena  which  have  prepared 
the  way  for  the  development  of  modern  high- 
etrength  steels. 

The  gun  steels  of  the  1914-  18  war  had  a 
yield  strength  of  about  43  ksi,  and  now  gun  de¬ 
signers  are  contemplating  the  use  of  steels 
five  times  as  strong.  In  the  aircraft  and  missile 
fields  more  than  a  decade  o{  experience  has  been 
gained  in  the  use  of  steels  with  0.2  percent  proof 
etreee  values  in  excess  of  200  ksi.  As  designs 
bccomr  more  complex  and  more  dentanding  with 
respect  to  the  combination  of  desired  properties, 
meUllurgists  still  look  to  the  queriChed  and 
tempered  steels  as  being  capable  of  further 
development  to  satiety  the  needs  of  the  greatest 
variety  of  applications. 

Belors  proceeding  to  summarise  the  prop- 
eHiee  and  discuss  the  probltms  affecting  their 
use.  It  is  proposed  to  itefins  the  "quenched  and 
tempered"  claee  of  steele. 

DEFINITION  or  CLASS  OF  STEEL 

The  quenched-and-tempered  etecle  may  he 
claseifiod  as  thoac  steela  whicn  rely  on  the  forma¬ 
tion  of  marteASite  which  ie  herdeoed  through 
lattice  d:ietoriioo  by  iatnrstltial  atoma  of  carbon, 
generally  in  combination  with  other  alloying 
elementa. 

*  Reference*  are  given  on  page  200. 
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This  excludes  the  marxging  eteels  in  which 
the  martensite  is  very  low  in  carbcn  and  hence 
relatively  soft. 

DEVELOPMENT  OF  OUENCHED- 
AND-TEMPERKD  STEELS 


The  hardness  of  the  martensite  has  a  major 
influence  on  the  properties  which  can  be  developed 
in  quenched~and-tempered  steels.  Carbon  is  he 
most  effective  martensite  hardener.  Alloying 
elemer  ts  permit  a  small  additional  increase  in 
hardness and  martensite  ha^’dness  can  be 
further  enhanced  by  auaforming  (Figure  i). 
Because  many  operations  involve  welding,  and  to 
avoid  excessive  brittleness,  it  is  desirjsbie  to 
keep  the  carbon  content  af  low  as  possible,  con¬ 
sistent  with  strength. 
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FIGURE  1.  HARDNESS  OF  MARTENSITE 


Nickel,  enrumium,  manganese,  molybdenun, 
ard  vaiisdiurr.  have  been  the  aUoyi.tg  elements 
most  commonly  used  to  improve  hardenability 
and  impart  strength  and  toughness.  Etch  element 
contributes  to  the  development  of  properties, 
either  by  strsngttk^ning  ferrits,  forming  carbidss, 
controlling  the  temperature  and  rate  of  translorma- 
tion,  or  by  proiooting  secondary  hardening.  In 
achieving  the  desired  p.-opertiss  at  strengths  in 
excess  of  Z30  ksi,  it  has  been  nscssssry  to  modtfy 
the  composition  ot  some  conventional  bigh-sfrength 
Steels,  notably  by  the  addition  oi  eilicon,  vanadium, 
boron. 

His  manner  in  which  properties  may  be 
designed  into  a  medium  carbon  steel  by  the 
sddition  of  common  alloying  elements  ie  well 
illnetrated  by  :iM  series  ot  rsssarcHss  by 
Kct  nefoid^^)  of  the  Roysl  Armamert  Rsssarcb  esd 
Development  EsUblishmsnl.  The  gunicL  craching 
of  pa'ta  having  complax  ahapea  end  the  erase 
cracking  of  gua  boras  are  fnflusncad  largely  by  the 
oa^  tranaformatlon  volume  vbangee  and  Kennvford 
found  that  Iheae  could  be  draatically  reduced  by 


additions  of  up  to  2.  75  per  cent  silicon  (Figure  i). 
The  excellent  thermal  fatigue  properties  of  RARDE 
steel  at  large  temperature  cycles  are  attributed  to 
this  feature,  high  mechanical  strength  having 
greater  influence  at  the  lower  temperature  cycles 
(Figure  3).  The  silicon  also  imparted  a  resistance 
to  softening  by  raising  the  temperature  at  which 
martensite  finally  decomposed  into  ferrite  and 
cementite.  Molybdenum  ,  which  slightly  ~*duced 
the  transformation  volume  changes,  was  next  added 
to  promote  secondary  hardening  by  the  precipitation 
of  hard  carbides.  Copper,  which  is  ferrite  soluble, 
was  chosen  in  preference  to  nickel  because,  in 
addition  to  providing  the  same  degree  of  harden¬ 
ability  as  nickel,  it  raised  the  end  temperature  of 
martensite  breakdown  (see  Figure  4);  and  when 
present  in  excess  of  about  1  p^  r  cent,  copper 
contributed  to  secondary  hardening  in  the  tempera¬ 
ture  range  840-1020  F  (450-5i«'  C).  The  fourth 
element,  vanadium,  in  this  Co-Si-Mo-V  ;teel  was 
added  as  a  strong  carbide  former  to  enhance 
secondary  hardening.  Figure  5  illustrates  the 
sta;?es  in  alloy  development,  the  silicon  imparting 
resistance  to  softening  on  tempering,  xnd  the  Mo, 
Cu,  and  V  contributing  to  improvement  by 
seconrlary  hardening. 


FIGURE  2.  EFFECT  OF  ALLO TING  ELEMENTS 
OK  TRANSFORMATION  VOLUME 
CHANGE 


nCURL  1.  THERMAL  FATIGUE  PROPERTIES 
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FIGURE  4.  EFFECT  OF  Si  ON  MARTENSITE 


BREAKDOWN  IN  (a)  Ni-Cr-Mo  AND 
(b)  Si-Mo  STEELS 


10  '00  1)0  too  iyo  too  ito  <oo  4X>  toe  tvo  too  tao  ko 

rjCURE  5.  EFFECT  OF  TEMPERING  ON 
HARDNESS 

The  p«r  cv.nl  chromium-  noNbdenum  alevl 
ori|m«Uy  dcBtuncd  for  hoi  dir  applicalton*  hat 
ytttidrd  ar.  impurUn-.  mrdium  alloy  avrtra  wiih 
vKColWnl  proprrlira.  Thr  chromium,  molybdr* 
.turn,  and  manganrar,  produce  wry  darp  marlena- 
ilic  hardening  tr.  air,  and  during  i«mp«ring 
aacondary  hardaning  raaulia  from  lha  pracip  lallon 
of  fine  cartiidaa  'tt  lha  Mo^C  and  VC  lypr.^H  A 
fi'.rlhar  dawlopman'  of  ihia  alaal  by  alighlly 
incraaaing  carbon  and  adding  lungalan  haa  yialdad 
Vaaco  MA,  which  la  ona  of  lha  alrong'^ai  alaala 
yat  produced. 

Another  major  davalopmanl  haa  raaullad 
from  mora  racani  aludiaa  of  lha  lough  9  pa'  cant 
nickat  alloy  alaala  by  Paacowr  and  Mataa.l^l 
Nickal  aaa  aalactad  bacauaa  il  incraaaad  tough- 
naaa,  but  with  this  high  ntckal  contant,  addiUona 
of  np  to  4  par  cant  cohall  wara  .  r^turad  lo 
raduca  lha  am<Hint  of  ralatnad  auaian:ta.  Silicon 


in  amounta  greater  than  0.  2.5  per  cent  waa  re¬ 
garded  aa  being  undeairable  because  of  ita  delete- 
rioua  effect  on  toughneaa  aa  meaaured  by  the 
nominal  notch  atrength  to  yield  atreaa  ratio.  Car¬ 
bon  alao  lowered  toughneaa,  but  to  achieve  the 
required  atrength  level  amounta  of  carbon  approach¬ 
ing  0.45  per  cent  were  eaaential.  At  a  atrength 
level  of  250  kai,  this  ■«lloy  HP  9-4-45  in  the  tem¬ 
pered  martensitic  condition  had  V-notch  Cltarpy 
values  in  the  20-25  ft. lb  range  at  room  temperature. 
A  remarkable  improvement  was  found  possible  by 
a  controlled  transformation  of  the  metastable 
austenitic  structure  at  480  F  into  bainite;  this 
doubled  the  Charpy  values. 

From  the  information  available,  it  appears 
some  secondary  harder  ing  may  take  place  in  HP 
9-4-45,  but  it  is  not  known  whether  consideration 
haa  been  given  to  building  into  the  alloy  some 
precipitation  hardening  mechanism  not  involving 
carbides,  as  this  might  improve  strength  or  pro¬ 
duce  th-  ;?ame  atrength  with  lower  carbon  content. 

On  reviewing  these  developments  it  will  be 
seen  that  very  high  strength  oepends  largely  upon 
the  hardness  of  martensite,  but  by  careful  choice 
of  alloying  elements  control  may  be  oxercisrd 
over  the  temperature  and  mode  of  martensite 
breakdown,  and  additional  strengthening  may  be 
achieved  by  secondary  hardening.  Thus  it  has 
been  possible  to  design  stc  Is  in  which  very  high 
strength  is  combined  with  high  reduction  of  area 
and  elongation  values,  good  notch  strength  md 
resistance  to  impact,  and  excellent  rssistance  to 
fatigue. 

SUMMARY  OF  PROPERTIES 
Wrought  High-Strength  -teels 

These  steels  can  be  grouped  conveniently  as 
follows: 

(1)  Low  alloy  steels,  which  include  the 
Ni-Cr-Mo-V  (sonieltmes  with  St 
additions!,  Cu-Si-Mo-V,  Nl-Si-Mo-V, 
and  low  Cr-Mo-V  (see  Table  l{a)] 

(2)  Modified  die  steels,  which  are  bas>rd 
on  the  5Cr-Mo-V  composition  I  see 
Table  Ifbl) 

(})  High  alloy  steels,  at  present  confined 
to  the  Republic  Steel  Corporation's 
HP  9-  4-  X  alloys  |  see  Table  Mcl] . 

In  providing  a  summary  of  the  properties,  it 
IS  not  possible  to  portray  the  full  characterietics 
of  each  steel.  Hence,  tn  fable  1,  properties  are 
given  only  for  typical  tempering  temperatures, 
moa*  of  the  dais  being  taken  from  the  Aerospace 
Structural  Metals  Handbook,  Volume  l.^^l  It 
Will  be  seen  that  some  of  the  steels  have  poor 
resistance  to  impact  and  lew  elongation  values. 

For  des.gns  where  these  msy  be  tolerated,  0.2  per 
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TABLE  1.  COMPOSITION  AND  PROPERTIES  OF  SOME  VERY  HIGH-STRENGTH 
STEELS  (QUENCHED  AND  TEMPERED) 


c 

Nt 

Cr 

Mo 

V 

Si 

Co 

Olksr 

Elamanis 

Tamparing 

F 

.  rtu 
kai 

Fly 

kai 

«, 

par  cml 

Re  Ae  $ 
per  cent 

Charpy 

V-fLlh. 

(a)  Low  Alloy  Sisals 

4330V 

.3 

l.S 

.8 

.4 

.07 

• 

400 

249 

200 

10 

18 

15 

4340 

.4 

1.8 

.8 

.29 

- 

- 

• 

- 

400 

260 

217 

10 

49 

10 

HT-TUF 

.29 

1.8 

.4 

• 

1.9 

* 

Mn-1.3 

600 

230 

194 

14 

92 

29 

(Iscd) 

30QM 

.43 

1.8 

.8 

.4 

.09 

i.  6 

- 

- 

900 

296 

242 

a 

23 

18 

Trlcant 

RX939 

.39 

1.8 

.1 

.34 

.21 

1.99 

- 

660 

260 

219 

10 

39 

- 

NCMv 

.49 

1.7 

1.49 

1.0 

.24 

.20 

• 

979 

292 

299 

8 

35 

18 

(Isod) 

USSSTRUX 

.43 

.71 

.9 

.9 

a  06 

nux 

B 

900 

280 

230 

10 

30 

14 

D-fr-A 

.44 

.99 

l.O 

1.0 

. 

• 

• 

600 

282 

299 

9 

39 

12 

X-200 

.43 

- 

2 

.9 

.09 

1.6 

- 

. 

700 

270 

230 

9 

- 

15 

RARDE 

.37 

* 

- 

.79 

.29 

2 

• 

Cu  2 

1100 

24  S 

220 

17 

42 

12 

RARDE 

.37 

.79 

.29 

2 

Cu  2  400 

(b)  Hoi  Work  Dis  Sisal 

312 

299 

19 

47 

20 

9Cr  (HU) 

.4 

• 

9 

1.3 

.4 

* 

1000 

280 

230 

9 

28 

10 

Vasco  MA 

.9 

• 

« 

« 

isL 

W*  1090 

Hiak  Alloy  and  Nickal  Maraeini  Sisal 

344 

278 

7 

33 

12 

9Ni-4Co 

.4 

9 

• 

9 

• 

• 

4 

C  .49 

600 

290 

230 

9 

40 

23 

9N1-4CO 

.4 

9 

• 

• 

• 

• 

4 

C  .49 

480 

l.baiaiia 

270 

230 

• 

- 

R.T.  49 
-80*  30 

lOti 

Maragiag 

(30<k::vm) 

18 

9 

8.9 

Tl  h  A1 

900 

300 

293 

4 

92 

20 

Flu  ■  oliUnat*  iwt  1«  ttrtcmth 
Fly  *01  iMr  c«ai  proof  olro** 

•  •  •lonfoiioo  (mouororf  o«  I  la.  for  Amorlcoa  voluoo,  4  A  for  U.  K. ) 
R.A.  •  ro4«etloa  of  aroo 

•  Doaoioo  olloyiag  olomoaU  proooal  -  voluoo  aot  4«cUro4 


cent  proof  ptrosa  valuoa  greator  than  2S0  hot  and 
ultimato  tansile  atrangth  valuca  in  axcaaa  of  300 
kai  can  ba  achiavad.  On  tha  othar  hnnil,  thara  ia 
a  praiaranca  for  highar  tamparing  tamparaturaa, 
to  achiava  aoma  improvamant  in  ductility  and  a 
reduction  in  inta'mal  atraaaaa,  but  which  nacaa- 
aitataa  accaptanca  of  allghtly  lowar  tanaila 
propartiaa. 


tarad  in  tha  18  par  cant  nickal  maraging  ataala. 
Thia  ia  a  faatura  which  raquiraa  attention  in  view 
of  the  affect  on  daaign  concapta  and  manufacturing 
tachniquaa.  Increaae  in  tamparing  temperature 
raaulta  in  a  general  incraaaa  in  reduction  of  area 
and  elongation  valuaa,  while  tha  impact  valuaa  may 
paaa  through  a  ahallow  trough  before  ahowing  a 
marked  incraaaa  aa  aoftaning  aata  in. 


Piguraa  6(a),  (b).  'c),  and  (d)  ‘9how  tha  affect 
of  tampering  tamparatura  on  ultimata  tanaila 
atrangth,  0.2  par  cant  proof  atraaa,  aloitf;a<ioa, 
reduction  of  area  and  Charpy  Impact  valuta  of 
four  quenched  and  tampered  ateala,  with  ruma 
comparative  valuaa  for  II  per  cant  nickel  marag¬ 
ing  ataala. 

With  low  tempering  temperaturea,  ultimata 
tanaila  airangtha  in  the  region  of  330  kai  are 
combined  with  0.2  per  cant  proof  atfeaa  valuaa 
between  240  and  210  kai.  Aa  tha  tampering 
temperature  ia  increaaad,  tha  tenaiU  atrao|ih 
Calla,  while  the  0.2  par  cirnt  proof  atraaa  initially 
incraaaaa  before  decraaaing.  Thi-^  with  tha 
higher  tampering  temparatur*a ,  ratio  of  pr^of 
atraaa  to  ultimata  tanaila  atrangth  la  high,  ap¬ 
proaching  .  9.  Vary  high  ratioa  are  alao  ancoun- 


The  value  of  tha  Charpy  V-notch  teat  ia  often 
criticiaad  and  other  notch  taata  are  receiving  much 
attention.  However,  tha  low  temperature  impact 
propertiea  are  vary  significant  whan  considering 
metals  subjaciad  to  high  rataa  of  strain,  since  high 
rates  of  strain  havv  tha  effect  of  raising  tha  ductile- 
tO'britila  transition  tamp*^  ratura.  Many  of  tha 
quenched  and  tampertd  ataala  do  net  have  vrry  high 
impact  properties  pnrlicularly  at  yield  strength 
levels  above  230  kai.  The  nickal- chromium  and 
chromiivm  'elloy  steels  show  a  more  pronounced 
triuiaition  than  the  Cu-Si-Mo-V  steal,  tha  im,*act 
properties  of  which  fall  steadily  with  tamparatutra. 
However,  for  high  impact  properties  tha  HP  9-4-49 
alloy  in  tha  bainitic  condition  is  outstanding,  values 
in  ascass  of  30  ft.  lb.  (Charpy)  being  obtained  at 
*100  F  with  an  ultimata  tensile  strength  level  of 
290  kai. 


t 

I 

I 

ti 

a 

a 
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FIGURE  6(a).  THE  EFFECT  OF  TEMPERING 
TEMPERATURE  ON  ULTIMATE  TENSILE 
STRENGTH 


FIGURE  6(c).  THE  EFFECT  OF  TEMPERING 
TEMPERATURE  ON  REDUCTION  OF  AREA 
AND  ELONGATION 


FIGURE  6(d).  THE  EFFECT  OF  TEMPERING 
temperature  on  CHARPY  V  NOTCH  (ROOM 
TEMPERATURE  VALUES) 


TABLE  FATIGUE  PROPERTIES  OF  SOME  QUENCHED 
AND  TEMPERED  WOH-STRENCTH  STEELS 


FIGURE  6(b).  THE  EFFECT  OF  TEMPERING 
TEMPERATURE  ON  0.2%  PROOF  STRESS 

Fatigue  properties  are  normally  related  to 
ultunate  tensile  strengths,  and  for  very  high- 
strength  steels  there  are  significant  features  by 
which  they  differ  from  those  of  the  medium- 
strength  steels.  The  S-N  curves  for  some  of 
these  steels  do  not  show  a  fatigue  limit  which  is 
as  clearly  defined,  and  there  is  still  a  small  drop 
in  fatigue  strength  between  106  and  10^  cycles. 
Also,  endurance  ratios  (fatigue  limit/ultimate 
tensile  strength)  are  lower  than  .  5,  In  Table  2, 
typical  data  are  given  for  direct  stress  fatigue 
tests  on  several  very  high-strength  steels;  the 
endurance  ratios  being  calculated  on  a  basis  of 
fatigue  strength  of  10°  cycles.  Very  few  results 
are  available  fc  -  fatigue  properties  on  9Ni-4Co, 
but  its  endurance  ratio  appears  to  be  slightly 
lower  than  those  of  the  other  high-strength  steels. 
RARDE  steel  possesses  fatigue  properties  similar 
to  those  of  the  other  low  alloy  steels,  with  endur¬ 
ance  ratios  of  the  order  of  .43  at  the  280  ksi 
strength  level,  but  so  far  only  a  few  results  have 
been  obtained  under  directly  comparable  conditions. 


Axial  Loading  On  Longitudinal  Teat  Plecea 


Alloy 

Strvif 

Ratio 

A  R 

Streta 

Concentra¬ 

tion 

Fatigue  Strength 
ksi/cyclea 

T()3  iol  TFf 

Fatigue 

Ratio 

Nominal 

Strength 

Level 

<340 

-  -I 

Smooth 

K  «  1 

130 

120 

- 

.41 

290 

300M 

-1 

Smooth 

K  *  1 

ISO 

120 

" 

.4] 

290 

V»»- o  MA 

- 

- 

1S5 

1S8 

P5 

.43 

350/360 

Wi-4Co 

1 

Smooth 

K  «  1 

120 

86 

.  30 

290 

18Ni  • 
M«raging 

•  -1 

Smooth 

K  »  1 

146 

130 

122 

.  45 

280 

Although  it  is  not  proposed  to  list  creep  and 
elevated  temperature  properties,  it  will  be  appre- 
ated  that  the  temperature  at  which  these  steels  can 
be  used  is  limited  by  the  resistance  to  softening 
during  tempering  and  should  be  well  below  the  usual 
tempering  temperature.  Some  of  these  steels  have 
been  known  to  possess  good  strength  after  tempering 
at  1100  F,  and  these  could  be  used  at  ‘emperatures 
up  to,  say,  950  F  according  to  the  ma^*  itude  of 
the  stress  and  the  duration  of  the  heating  cycle. 


i 


High-Strength  Steel  Casting» 

The  properties  to  far  discussed  relate  to 
wrought  products,  and  it  will  be  appreciated  that 
both  sand  and  investment  castings  in  steels  at 
these  high-strength  levels  would  find  ex^'entive 
application.  On  behalf  of  RAROE,  the  British 
Steel  Castings  Research  Association  investigated 
the  influence  of  alloying  elements  on  microporosity 
in  the  Cu-Si-Mo-V  steel,  and  studied  the  founding 
properties  of  alloys  possessing  the  most  suitable 
compositions.  Tables  3a  and  3b  slow  the  composi¬ 
tion  and  properties  of  a  aeries  of  casts  with  various 
''arbon  contents.  Using  vacuum-melting  proce¬ 
dures,  sand  castings  can  be  made  with  ultimate 


tabu:  3s.  compositions  of  vacuum-melted  chill-cast 

RARDE  STEEL  SPECIMENS 

WQ  St  1000  C  and  T  at  100  C 


Cast 

c 

Si 

Mn 

S 

P’ 

Ctt 

Mo 

V 

No. 

_ 

ctnt 

V  61 

0.  10 

0.95 

0.  77 

0.012 

0.002 

0.82 

0.63 

0.  31 

V  U 

0.  14 

0.S6 

0.79 

0.011 

0.002 

0.82 

0.  65 

0.31 

V  U 

0.21 

0.  9$ 

0.62 

0.005 

0.009 

2.  00 

0.85 

0.29 

V  $• 

0.27 

1.85 

0.61 

0.012 

0.002 

1  71 

0.  71 

0.  33 

V  lOl 

0.  36 

1.23 

0.  76 

C.012 

C.  004 

2.  13 

0.86 

0.  25 

V  111 

0.44 

1.  17 

0.7  5 

0.0’  1 

0.004 

1.87 

0.  73 

0.25 

TA'^  LC  3b.  mechanical  PROPERTIES  OF  VACUUM-MELTED 
CHILL- CAST  RARDE  STEEL  SPECIMENS 


tensile  strengths  in  the  ^20-250  ksi  range,  elonga- 
tio;;  values  between  8  and  12  per  cent,  and  room 
temperature  Charpy  V  notch  Impact  teats  about 
20  ft.  lb.  In  addition  to  casting  in  block  moulds 
and  shell  moulds,  investment  castings  were  made, 
and  again  very  good  properties  were  obtained, 
see  Table  4.  As  with  RARDE  steel  in  the  wrought 
form,  Charpy  impact  values  for  investment  cast 
ings  were  acceptable  even  at  low  temperatures. 

At  room  temperatures  the  values  were  between 
18  and  22  ft.  lb.  ,  which  showed  a  steady  fall  with 
temperature  to  values  between  12  and  IS  ft.  lb.  at 
-40  F. 

The  only  unfavourable  aspect  was  the  low 
tatigue  values,  which  had  a  fatigue  limit  of  the 
order  of  45  ksi  compared  with  about  100  ksi  for 
the  wrought  product.  It  is  not  known  whethe  *  such 
low  values  are  usual  for  investment  castings,  but 
the  subject  is  being  investigated. 

PROBLEMS  AFFECTING  THE  USE  OF 

OUENCHED-AND^TEMPERED  STEELS 

This  statement  of  properties  does  little  to 
portray  the  problems  encounier>>d  by  manufacturers 
in  obtaining  the  combination  of  properties  required 
for  particular  applications,  and,  what  is  more 
difficult,  achieving  them,  in  the  actual  forging, 
casting,  or  fabricated  component.  In  addition 
th»rc  are  sprctal  problems  of  protectior. ,  stress 
corrosion,  and  machining. 


WQ  St  1000  C  and  T  at  300  C 


CaoI 

No. 

U.T.S. 

kai 

e  R.  A. 

per  cant 

Charpy  Impact 

V  Notch  ft.  lb. 

V.P  N. 

30  Kf. 

V  61 

167 

10.7 

28 

10.  5 

373 

V  62 

189 

15.6 

52 

32 

425 

V  12 

205 

11.6 

19.5 

27.  2 

455 

V  SS 

210 

11.9 

18.5 

19.7 

509 

V  102 

267 

5.0 

.0.5 

. 

• 

VII 

291 

6.0 

10. C 

- 

TABLE  4.  MECHANICAL  PROPERTIES  OF  INVESTMENT  CASTINGS 


Cod* 

Latur 

0.2%  P.S. 

U.T.S. 

P.S./ 

U.T.S. 

• 

R.A. 

kfi 

per  cent 

A  IS 

208 

220 

94 

6.0 

14.2 

A  14 

217 

224 

96 

4.0 

IS.6 

A  14 

IP» 

222 

90 

4.0 

14.2 

B  14 

210 

217 

97 

4.0 

12.  S 

8  14 

206 

221 

93 

6.0 

14.2 

C  t4 

216 

222 

97 

7.0 

21.0 

C  tT 

212 

224 

94 

7.0 

2S.6 

C  <• 

210 

2)4 

96 

6.0 

27,9 

(2)  Poor  impact  propsrtisa,  particularly 
transverae  Impact  properties  at  low 
temps  ratures. 


All  the  ateels  in  this  class  can  be  made  Ly 
convenitonal  ateclmaking  procesaea,  a  wide  eirper  • 
ence  being  gainod  in  producing  economically  high- 
quaiity  high-etrength  aircraft  steela  during  and 
Since  World  Wsr  tl.  Hovever,  with  further  incrcsse 
in  strength  requirements,  problems  were  encoun¬ 
tered  in  achieving  adequate  ductility  and  freedom 
from  possiole  faTure  by  a  rapidly  propagating 
crack. 


(})  Notch  tsnaitivily,  or  poor  fracture 
toughncaa,  as  experienced  in  certain 
forginga,  and  in  the  brittle  failure  of 
of  rocket-motor  cases. 

(4)  Difficulties  in  machining  hardened  ateels. 

(5)  Hydrogen  embrittlement  during  protective 
tresiment  and  atreas  corrosion. 


The  mam  problem  affecting  the  use  of  quenched 
and  tempered  steels  may  be  summarised  as  follows; 

(II  Low  level  and  scatter  of  transverse 
properties  of  aircraft  forgings, 
parilcularly  transverse  reduction  of 
area  (only  8  to  6  per  cent  in  Pteels 
with  260  I  .80»ksi  UTS)  and  fatigue 
r*si  stance. 


Improved  Properties  by  Purification 

With  reference  to  transverse  properties  the 
shape  of  ihr  component  often  limits  the  amount  to 
which  tranaverse  properties  can  be  developed  by 
working,  and  large  length  to  diameter  ratios  create 
marked  direcUoaality.  Thus  all  other  factors  in> 
flucncing  ductility  are  of  major  importance,  eape» 
cially  the  embrittling  effects  of  reaidunl  elements 
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and  inclusions,  and  any  microstructural  varidion 
such  as  segregation  and  "banding". 

Recent  work  by  Baron  at  RARDE  has  shown 
the  deleterious  effect  phosphorus  aiid  tin  on  the 
lowbtemperature  impact  properties  of  Ni-Cr-Mo-V 
gun  steels  hardened  and  tempered  to  258  ulti¬ 
mate  tensile  strength.  There  was  evidence  that 
interactiun  between  phosphorus,  antimony,  arsenic, 
and  tin,  when  all  present,  could  exaggerate  their 
total  effect.  The  greatest  reduction  of  impact 
properties  (room-temperature  Charpy  V  notch) 
was  produced  when  0.  1  per  cent  aluminum  was 
added  to  a  steel  melted  under  nitrogen,  thus 
confirming  the  need  to  avoid  formation  of  aluminum 
nitrides. 

In  research  on  materials  for  rocket-motor 
cases,  Cottrell(^)  has  shown  that  sulphur  and 
phosphorus  have  a  detrimental  effect  on  impact 
strength,  fatigue  life,  ductility,  and  weldability: 
also  that  low  levels  of  residual  hydrogen  could 
cause  a  serious  loss  of  ductility  which  may  lead 
to  brittle  fracture. 

Thus  steelmakers  have  been  faced  with  the 
need  to  reduce  residual  elements,  produce  cleaner 
steels,  and  virtually  eliminate  hydrogen.  Although 
much  can  be  done  by  appropriate  selection  of 
materials  used  in  the  initial  charge  and  care  in 
slagging  and  deoxidising  operations,  the  desired 
properties  could  not  be  achieved  without  the  use 
of  vacuum  melting.  All  leading  steelmakers  are 
now  equipped  for  vacuum  melting,  and  their  ex¬ 
perience  confirms  that  by  improving  purity  and 
cleanness,  'ht.y  can  achieve  marked  improvement 
in  transverse  ductility,  impact  resistance,  fatigue 
strength,  and  weldability.  For  example,  Hamaker 
and  Yatesi^)  have  shown  that  transverse  reduction 
of  area  of  about  12  per  cent  in  a  9- inch  section  of 
air-melted  Vascojet  1000  steel,  is  increased  to 
more  than  30  Mr  cent  by  consumable-arc  melting. 
In  other  work*))  on  5  per  cent  chromium  steels, 
Hamaker  reports  that  vacuum  melting  resulted  in 
improvements  in  ductility  and  toughness,  surpass¬ 
ing  variations  in  both  carbon  content  and  heat 
treated  strength  ie/el,  in  effectiveness.  In  the 
U.K.  ,  Child  and  Oldfieldf^)  have  shown  that  a  high- 
duty  bearing  steel  having  extensive  inclusions 
greater  than  0,020  in.  in  siae,  after  vacuum-arc 
remelting  had  only  three  inclusions  in  the  sise 
range  0.004-0,010  in.  ,  and  none  greater.  For 
higher  quality,  vacuum-arc  melting  of  an  electrode 
made  by  vacuum- induction  melting  is  recommend¬ 
ed,  but  commenting  on  future  trends  Childs  eog- 
gests  that  electron-beam  melting  may  offei  advan¬ 
tages  ,  it  being  possible  to  hold  molten  metal  at 
controlled  degrees  of  superheat  for  any  desired 
time  in  the  absence  of  refractories.  On  the  other 
hand,  refining  can  be  carried  out  during  vacuum- 
arc  melting,  as  for  example,  by  remelting  through 
a  flux  blanket,  and  the  Republic  Steel  Corporation's 
carbon  deoxidation  process  recently  described  by 
Mates.  (O  The  advantage  of  the  latter  method, 
which  can  be  applied  during  vacuum-arc  remelting. 


or  during  vacuum- ladle  degasaing,  is  that  the  prod¬ 
uct  of  deoxidation  is  a  gas ,  instead  of  a  solid- 
reaction  product. 

Hence  by  achieving  high  purity  many  of  the 
factors  contributing  to  low  ductility  and  poor  im¬ 
pact  resistance  may  be  overcome.  Steps  ca.i  be 
taken  to  reduce  segregation,  and  heat  treatmen 
can  be  given  to  improved  uniformity  of  micro¬ 
structure.  There  still  remains  the  possibility  of 
a  small  defect,  a  minute  crack,  or  a  sharp  notch 
which  c  n  initiate  a  crack  under  static  or  fluctuat¬ 
ing  loads.  The  extent  to  which  a  high>strength  steel 
can  resist  the  formation  and  propagation  of  »  '~rack 
is  a  most  important  factor  which  will  largely  deter¬ 
mine  the  extent  to  which  the  steel  will  be  used. 

Notch  Sensitivity  and  Fracture  Toughness 

The  properties  of  notched  specimens  may  be 
determined  in  a  \ariety  of  ways,  but  whether  they 
are  measured  by  notched  tensile  tests,  Charpy 
impact,  or  calculated  as  a  fra rcu! e-toughness 
parametei,  the  properties  decrease  with  increase 
in  ultimate  tensile  strength.  Figure  7  is  a  graph 
prepared  by  Klier  for  N.R.I..  Report  6012(10), 
which  shows  how  rapidly  the  notch  strength  oi  4340 
falls  with  ultimate  tensile  strei  gths  above  200  ksi. 
The  actusU  values  obtained  are  influenced  by  thv 
test  temperature,  atrain  rate,  specimen  sise,  and 
geometry  of  the  notch.  While  this  may  be  typical 
of  a  number  of  low  alloy  steels,  other  quenched- 
and-tempered  ateela  are  lesa  no'ch  senaitive  at 
high-iiirength  levels. 


FIGURE  7.  THE  NOTCH-STRENGTH  RATIO 
VERSUS  TENSILE  STRENGTH 
FOR  4340  STEEL  TEMPERED 
AS  INDICATED 


Iff;  V 
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In  general,  for  aheet  at  yield  atrengthe  of 
about  200  kai,  there  ia  not  a  great  deal  of  differ¬ 
ence  ia  the  notched  tenaile  atrengtha  of  all  the 
high-atrength  ateela.  Aa  the  yield  atrength  in- 
creaaea,  the  18Ni-Co-Mo  maraged  ateela  retain 
high  notch  atrength  even  up  to  300  k«i.  At  yield 
atrengtha  abaut  260  kai,  the  notch  atrength  of  the 
HP  9-4-X  alloya  appeara  to  fall  to  just  below 
180  kai,  and  the  remainder  of  the  quenched  and 
tennpered  ateela  give  notch  atrengtha  juat  above  or 
below  100  kai.  Inadequate  data  are  available  for 
bar  and  forgin:«ia,  but  it  appeara  the  aacne  trend 
holda,  though  to  a  much  leatier  degree. 

The  poaaibility  of  being  able  to  improve  the 
notch  propertiea  of  the  low  alloy  ateela  ia  worth 
conaidering.  laothermal  tranaformation  to  a 
lower  bainitic  atructure  aa  uaed  for  the  HP  9-4-X 
alloya,  might  produce  improved  toughneaa  in  the 
low  alloy  ateela,  but  ao  far,  thia  appeara  to  have 
received  little  attention.  It  ia  thought  neceaaary 
to  avoid  a  mixed  atructure,  and  in  particular  the 
preaence  of  upper  bainite,  aince  this  would  reduce 
toughneaa  and  raise  the  impact  transition  tem¬ 
perature  of  steels  like  4340. 

Another  approach  might  be  to  limit  the  tem¬ 
pering  to  the  end  of  the  first  stage  ot  martensite 
breakdown.  For  example,  Kenneford  and 
Williamsill)  have  observed  that  the  energy  ab¬ 
sorbed  in  fracturing  unnotched  apecimena  of  a 
lNi-lCr«Mo  steel  under  impact  tensile  conditions 
was  remarkably  high  when  tempered  to  the  end  of 
the  first  stage.  Aa  shown  in  Figure  8,  the  steel 
tempered  at  320  F  gave  impact  tenaile  values  of 
81  ft.  lb.  A  marked  increase  in  elongation  also 
occurred  at  that  stage. 


FICURJC  I.  crrccT  op  tcmpciunc  on  impact 
TENSILE  STRENGTH  OP  W/  ^ER  QUENCHED 
STEEL  CONTAINING  O.SSC,  0.67Ma,  I.07N1, 
I.OTCr,  and  0.27Mo. 

Specimens  water  qoeached  from  820  C 
and  tempered  10  minutes. 

Strain  Rau  ■  209  see'  I 


Of  the  various  fracture  toughness  criteria, 
plane-strain  fracture  toughness,  Kj(^,  has  been 
proposed  as  a  parameter  which  might  be  uaed  by 
designerst^^),  or  aa  a  basis  for  selection  of 
materials.  Paacover  and  Matas(^)  have  plotted 
the  variation  of  plane-strain  fracture  toughness 
with  yield  strengths  for  a  number  of  high-strength 
steels  (see  Figure  9).  Tentative  values  for  RARDE 
steels  and  a  value  for  18Ni  maraging  steel  have 
been  added. 


KANi  STIAIN  FRACnSK  K^;,  xa  yRr" 
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FIGURE  9.  THE  VARIATION  OF  PLANE-STRAIN 
FRACTURE  TOUGHNESS  WITH  YIELD  STRENGTH 
FOR  SEVERAL  HIGH-STRENGTH  STEELS 

After  Paacover  and  Matas 


The  lower  value  (or  RARDE  steel  was  obtained 
on  apecimene  tempered  at  930  F  (900  Cl  which 
usually  products  the  lowest  impact  properties. 


When  considering  the  failure  of  a  pressure 
vessel  it  has  been  suggested  that  (actors  which 
inOuencs  failure  are  (a)  the  initial  flaw  site,  (h) 
fracture  toughness  of  the  nriaterial,  and  (c)  the 
operatiog  stress  level.  Therefore  ,  it  1  '  appropri¬ 
ate  to  include  some  information  ahMt  the  sise  of 
initial  flaw.  While  it  is  not  possible  to  predict 
the  smallest  crack  which  inspectors  would  havs  to 
detect,  it  is  poseible  to  compare  the  materials  on 
the  basis  of  relative  flaw  site.  Figure  10  has  been 
prepsred  pertly  from  data  published  by  Passo/er 
and  Matae(14)^  the  relative  (law  site  being  calcu¬ 
lated  in  accordsac*  with  the  eqioaCioa 


Relative  fla« 


•ise  f  * 

0 


iTInP 


197 


FIGURE  10.  THE  RELATIVE  FLAW  SIZE  WHICH 
CAN  BE  TOLERATED  AT  VARIOUS  OPERATING 
STRESS  LEVELS 

where  denotes  crack  length,  Kj^  the  fracture 
toughneaa,  a  t'We  applied  atreaa,  and  Q  denotes  the 
dependency  of  the  stress  state  induced  by  a  flaw  on 
the  geometry  of  that  flaw,  Q  is  actually  expreseed 

by  Q  =  -  .  2 12(o/oys)2,  where  is  the  elliptical 

integral,  j  the  applied  stress,  anddys  is  the  0.2 
per  cent  proof  strength. 

It  will  be  observed  that  for  operating  stresses 
up  to  200  ksi  the  lower  carbon  HP  9-4- X  alloy 
shows  greatest  tolerance  with  respect  to  flaw  sise, 
but  at  the  highest  strength  levels  the  18Ni-Co-Mo 
maraged  steel  is  better  than  existing  quenched  and 
tempered  steels. 

Embrittlement  During  Electroplating 
and  From  Stress  Corrosion 

Two  other  embrittling  factors  are  (I)  hydro¬ 
gen  embrittlement  during  electroplating  and  (2) 
the  effects  of  corrosion  on  high-strength  steel 
under  high-working  or  internal  stresses. 

There  are  many  theories  concerning  the 
mechanism  of  delayed  failure  by  hydrogen,  but  the 
most  widely  accepted  theory  was  that  attributed  to 
Troiano  and  his  co-workers^^^),  who  suggested 
a  crack  would  initiate  when  a  critical  combination 
of  hydrogen  concentration  and  triaxial  stress 
state  occurred  locally,  e.g.  ,  in  the  vicinity  of  a 
notch.  At  present  there  is  still  insufficient  infor¬ 
mation  about  the  relative  merits  of  the  various 
high-strength  steels,  but  it  is  suggested  that  a 
steel  with  low  diffusion  rates  would  not  pick  up  so 
much  hydrogen  during  plating.  The  other  property 
required  is  the  ability  to  resist  crack  propagation. 

It  is  claimed  that  the  high  nickel  steels  are  not  so 
susceptible  to  hydrogen  embrittlement  as  the  low 
alloy  steels,  but,  as  shown,  acceptable  fracture 
toughness  can  be  achieved  in  low  alloy  steels  and 
where  silicon  is  present  in  amounts  of  the  order 
of  1 .  5  the  diffusion  rates  are  low.  Steels  with  a 
high  .ili  con  content  have  been  shown  by  Cotton  to 


be  leas  susceptible  to  hydrogen  embrittlement  than 
normal  steels,  and  this  was  supported  by  Klier, 
et  al. ,  who  also  suggested  that  embrittlement  is 
minimised  by  a  low  carbon  content. 

In  view  of  the  severity  of  the  problem,  a 
large  effort  has  been  devoted  to  establishing 
techniques  which  will  minimise  embrittlement 
during  cleaning  and  electroplating,  particularly 
with  respect  to  cadmium  and  chromium.  It  is 
outside  the  scope  of  this  paper  to  list  the  recom¬ 
mended  pretreatment,  modified  plating  processes, 
and  post  plating  heat  treatment  which  have  been 
found  satisfactory.  It  is  of  interest  to  note  some 
observations  by  Doughertyf^®)  on  the  effects  of 
post  plating  heat  treatment.  He  found  that  relief 
treatment  for  4340  type  steel  heat  treated  to  260 
ksi  electroplated  with  cadmium  or  chromium  was 
580  F  (287  C)  which  is  in  the  range  which  would 
cause  blue  brittleness  in  that  steel. 

Providing  a  solution  to  the  hydrogen  embrit¬ 
tlement  problem  also  reduces  the  possibility  of 
stress  corrosion  failures,  but  often  extensive 
service  experience  is  needed  to  make  the  correct 
choice  of  protective  schemes  and  to  ensure  relia¬ 
bility  in  Joints  and  bearings,  where  plating  and 
painting  are  not  possible.  Surface  peening  is 
beneficial,  but  of  more  importance  is  the  con¬ 
tribution  which  can  be  made  by  the  designer  in 
his  selection  ol  materials,  by  avoiding  stress 
raisers,  and  by  minimising  galvanic  effects  from 
dissimilar  metals. 

Due  to  the  wide  range  of  stress-corrosion  tests 
in  use  it  is  not  possible  to  give  a  reliable  state¬ 
ment  of  the  related  properties  of  the  various  steHs  . 
The  absence  of  hydrogen  should  be  verified  by 
means  of  a  notched  tensile  test.  For  example  , 
with  4340  steel  hardened  to  260-280  ksi  ultimate 
tensile  strength  a  cylindrical  specimen  of  0,  357 
in.  diameter  and  a  50  per  cent  60  degree  notch 
with  a  radius  of  0,025  in.  ,  should  not  rupture 
within  200  hours  when  stressed  at  75  per  cent  of 
the  notch  strength  of  unplated  specimens. 

HEAT  TREATMENT 

It  is  not  possible  to  discuss  quenched  and 
tempered  steels  without  some  reference  to  heat 
treatment,  for  it  is  by  heat  treatment  conditions 
that  the  combination  of  properties  may  be  con¬ 
trolled,  Within  this  class,  there  is  a  wide  range 
of  conditions;  from  steels  such  as  4340  which 
requires  water  quenching  to  achieve  through 

hardening  in  bars  over  3  inches  diameter,  to  the 
5  per  cent  chromium-molybdenum-vanadium  series 
which  air  harden  fully  in  sections  up  to  10  inches 
square.  A  RARDE  steel  with  a  0,  35  per  cent 
carbon  content  can  be  hardened  to  95  per  cent 
martensite  in  an  8  in.  section  on  water  quenching. 
The  Jominy  end-quench  test  results  follow  this 
pattern,  and  for  most  high-strength  steels  there 
is  very  little  fall  in  hardness  along  the  length  of 
the  quenched  specimen. 
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Nomul  heat  treatment  procedures  and 
controls  are  used.  In  general  decarburisation 
if  not  removed  by  machining  should  be  avoided 
by  the  use  of  low  humidity  inert  atmospheres. 

The  usual  care  is  required  to  avoid  distortion 
and  to  reduce  the  risk  of  quench  cracking. 

The  application  cf  isothermal  heat  treatment, 
as  required  in  the  HP  9-d-X  alloy  would  require 
quenching  a  component  in  a  salt  bath  in  the  range 
475-485  F.  Massive  components  can  produce  a 
marked  temperature  rise  and  variation  in  section 
tends  to  produce  mixed  structures;  tiuwever,  from 
a  knowledge  of  the  isothermal  diagram  for  the 
steel  and  the  results  of  some  practical  tri.Is,  it 
should  be  possible  to  programme  suitable  condi¬ 
tions,  adjusting  initial  bath  temperatures  or  by 
preliminary  cooling  at  temperatures  in  the  bay 
of  the  T-T-T  curve. 

In  the  5  per  cent  chromium  steels,  double  or 
triple  tempering  is  rei.omm«nded  to  complete  the 
removal  of  retained  austenite  and  achieve  full 
secondary  hardening.  No  problems  occur  but 
additional  processes  increase  costs. 

The  work  by  Cottrell  on  the  heat  treatment 
of  rocket-mot.  r  cases  in  chromium- molybdenum 
steel  is  interesting.  He  has  employed  heat 
treatment  conditions  which  give  a  controlled  decar¬ 
burisation,  to  provide  a  surface  layer  with  im- 
^'iroved  ductility  which  c«<ntribtttes  to  higher 
bursting  strengths. 

MACHINING  OPENCHED  AND 
TEMPERED  STEELS 

In  the  manufacture  of  armaments  fv  the 
three  services,  a  great  variety  of  compon'rnt 
designs  are  encountered  and  each  major  component 
presents  its  special  problems.  Thus  it  is  easy 
to  provide  a  summary  statement  on  mathii.ing 
difficulties.  The  subject  is  a  vital  one,  for  by 
establiohing  rapid  and  economical  methods  for 
machining  the  quenched  and  tempered  steels,  the 
en.qineer  can  avoid  the  selection  of  the  costly 
high  nickel  maraging  steels  on  the  basis  of 
machiiieability. 

It  is  reported  that  the  American  aircraft 
Industry  has  established  good  techniques  using 
conventional  methods  for  steels  in  the  2t0-)00  ksi 
range.  The  success  appears  to  be  due  to  a  sue- 
tained  effort  in  developing  a  satisfactory  technique 
and  then  rigid  control  of  its  use  during  production. 

Generally  a  praliminar*;  neat  treatment  is 
recommended,  either  a  full  anneal,  isothermal 
anneal,  or  normalise  and  temper,  to  soften  the 
steel  and  minimise  subsequent  distortion.  As 
much  metal  as  possible  is  removed  before  harden¬ 
ing  and  tempering;  while  on  some  camponento  a 
final  machining  allowance  of  only  0. 090  in.  can 
be  recommended,  other  components  such  as  gun 
barrels  require  a  generous  machining  allowance. 


For  all  machining  operations  maximum 
rigidity  in  machine  tools,  jigs,  and  fixtures  is 
essential.  After  grinding  operations ,  inspection 
for  cracks  and  surface  etching  tn  check  for  damage 
is  recommended.  Stress  relief  treatment  should 
be  employed  after  grinding  whenever  possible.  For 
some  components  the  final  operation  consists  of 
shot  peeningto  remove  further  compressive 
stresses  and  give  improved  resistance  to  fatigue. 

Very  hard  tool  steels  such  as  Vasco  "Hyper¬ 
cut"  have  been  introduced  and  some  noteworthy 
claims  have  been  made  for  ceramic  tool  tips.  In 
the  U.  K.  ,  the  normal  metal  removal  rate  on  a 
gun  steel  hardened  to  160  ksi  would  be  of  the  order 
of  7  cu.  in.  /min,  ,  but  at  liO  ksi  the  rate  is  down 
to  2  cu.in./min.  Fine  cuts  on  fully  hardened  steel 
are  difficult,  and  tapping  is  particularly  trouble¬ 
some.  Plugging  a  tapped  hole  finished  before 
hardening  is  not  a  reliable  solution  due  to  distor¬ 
tion  during  heat  treatment.  Improvements  have 
been  made  in  cemented  carbide  tool  materials  of 
the  tungsten- cobalt  type,  and  these  have  been  used 
successfully.  There  is  keen  interest  in  develop¬ 
ments  in  the  electrolytic  machining  techniques 
which  have  lead  to  higher  metal  removal  rates, 
and  which  offer  a  solution  to  the  problem  of 
machining  ausformed  steels.  In  addition,  suitable 
chemical  contouring  tvehniques  have  been  developed. 

It  appears,  therefore,  that  machining  can  be 
accomplished  satisfactorily,  but  there  is  a 
pressing  need  for  further  research  into  tapping, 
and  perhap.9  milling,  of  steels  which  have  been 
hardened  to  give  strengths  up  to  300  ksi. 

POTENTIAI  APPLICATIONS 

The  quenched  and  tempered  steels  available 
at  present  permit  the  use  of  designs  baaed  on  0.2 
per  cent  proof  stress  values  up  to  )00  ksi.  At 
the  '00  ksi  level,  the  steel  would  probably  be  of 
i.ie  /aeco  MA  type,  possessing  deep  air-hardening 
propel 'les  and  weldable,  but  allowance  would  have 
to  be  made  for  the  lower  ductility  to  be  expected 
at  that  strength  level.  Between  220  and  280  ksi 
(0.2  per  cent  preof  stres*|,  a  wide  variety  of 
steels  can  be  considered,  ranging  from  the  very 
tough  HP  9-4- X  alloys  to  the  slightly  stronger 
and  less  tough  Cu-Si-Mo-V,  modified  Ni-Cr-Ho-V, 
and  Cr-Mo-V  steels.  The  high-nickel-higk-cobalt 
content  of  HP  9-4- X  might  make  the  alloy  more 
expensive,  but  economic  factors  must  be  considered 
with  respect  to  safety,  ease  of  production,  and 
other  aspects  of  its  application. 

bi  the  aircraft  industry  some  5  to  10  years 
experience  has  been  gained  In  the  problems  and 
controls  necessary  for  the  successful  use  of 
quenched  and  tempered  steels  in  the  290-280  ksi 
tensile-otrength  tange.  Landing-gear  components , 
engine  mountings ,  wing-  root  fittings ,  bolts ,  and 
tail  members  have  all  been  ntade  in  the  low  alloy 
or  9  per  cent  chromium-type  steels.  The  extent 
tu  which  weight  has  been  saved  can  be  aporeciated 
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from  a  comparison  made  by  the  Douglas  Aircraft 
Company.  The  main  landing  gear  of  the  DC  8  was 
made  piimarily  in  the  4340  C.M.  steel  heat  treatec 
to  260  ksi  ultimate  tensile  strength.  If  a  180  ksi 
steel  had  been  used  the  weight  would  have  been 
approximately  4500  Ibr  ,  a  weight  increase  of  44 
per  cent.  Similar  examples  of  ^0  per  cent  weight 
saving  can  be  quoted  for  the  use  of  N.  C.  M.  V. 
steel  at  250  ksi  ultimate  tensile  strength  by  the 
Fairey  Aviation  Company  in  the  main  inner  tubes 
for  undercarriages  in  their  Delta  2,  Gannet  Mk. 

Ill,  and  Rotodyne. 

It  is  considered  that  development  of  designs 
for  aircraft  components  at  strength  levels  about 
300  ksi  is  possible  with  existing  quenched  and 
tempered  steels,  b'-t  to  improve  the  position, 
research  is  required  into  the  metallurgical  factors 
which  influence  fracture  toughness.  Higher 
strengths  would  necessitate  the  use  of  hot-cold 
worked  high-nickel  steels  or  ausfornried  low-alloy 
steels. 

Rocket-motor  bodies,  also,  have  beer,  manu¬ 
factured  satisfactorily  in  several  high-strength 
quenched  and  tempered  steels.  The  problem  of 
microcracks  in  welds  and  the  metallurgical  condi¬ 
tions  which  influence  the  bursting  strength  and 
nature  of  the  failure  have  been  investigated  exten¬ 
sively.  in  some  designs  of  small  rockets,  full 
advantage  cannot  be  taken  of  the  available  strength 
of  these  steels  because  reduction  in  vail  thickness 
would  result  in  a  decrease  in  rigidity  or  structural 
stiffness  and  a  correal  ponding  loss  of  accuracy  in 
flight.  On  the  other  hand,  for  rockets  fabricated 
from  strip,  either  wide  strip  edge  welded  or 
narrow  strip  resin  bonded,  further  development 
could  make  use  of  quenched  and  tempered  steels 
improved  by  au  storming. 

The  knowledge  gained  in  the  use  of  high- 
strength  steels  in  aircraft  and  missik.:i  could  be 
applied  effectively  tc  improve  power  to  weight 
ratio,  and  give  greater  mobility  in  a  wide  range 
of  military  equipment.  Quenched  and  tempered 
steels  can  provide  the  desired  combination  of 
properties,  which  include  high  strength  combined 
with  good  ^ctility  over  the  service  temperature 
range,  the  ability  to  withstand  high  rates  of  strain, 
and  conditions  which  impose  tHermal  and/or 
mechanical  fatigue. 

Breech  rings  for  large  guns  are  massive 
and  their  shape  is  convenient  for  upset  forging 
techniques  to  produce  properties  uniform  in  the 
longitudinal  and  transverse  directions.  '.i  gun 
tubes  there  is  the  problem  of  erosion  and  tempera¬ 
ture  effects;  and  at  high-strength  levels  the  pres¬ 
ence  of  notchee  in  the  form  of  rifling  and  erase 
cracl  1  may  present  great  difficulty. 

The  advent  of  RARDS  casting  alloy  in  this 
strength  range  opens  up  new  possibilities  and  the 
manufacture  of  a  number  of  componenta  in  shapes 
difficult  to  forge  is  under  study. 


There  is  a  variety  of  requirements  for 
armour  and  many  ideas  of  how  to  pr<  vide  protection 
against  a  range  of  ammunition.  For  some  applica¬ 
tions,  high  strength  combined  with  high  values  for 
low  temperature  Charpy  impact  would  be  an  advan¬ 
tage.  In  view  of  the  good  properties  obtained  for 
welded  HP  9-4-X,  it  would  be  interesting  to  assess 
the  alloy  in  plate  form  against  various  types  of 
attack.  Some  of  the  low  alloy  steels  are  also 
weldable  and  with  small  improvement  of  low  tem¬ 
perature  impact  properties  might  be  preferred 
from  consideration  of  cost  and  use  of  alloying 
elements  more  readily  available. 

In  tanks  and  carriages,  space  is  often  at  a 
premium,  and  the  use  of  low  alloy  high-strength 
steels  would  save  both  weight  and  space.  Springs, 
both  suspension  springs  and  in  the  form  of  torsion 
bars,  and  valve  springe  fo.r  piston  engines,  are 
further  examples  for  future  application  of  quenched 
and  tempered  very  high-strength  steels. 

FUTURE  TRENDS 

The  future  will  still  hold  a  demand  for 
stronger  steels  and  improved  ductility  and  fracture 
toughness  will  be  required  at  all  strengths  above 
300  ksi.  The  initial  approach  has  been  made, 
chiefly  by  working  the  metastable  austenite  of 
existing  quenched  and  tempered  steels.  Strength¬ 
ening  without  a  corresponding  loss  in  ductility  has 
been  achieved,  and  at  this  stage  it  appears  that 
main  factors  are  the  reduced  austenite  grain  sise 
and  the  improved  dispersion  of  finer  carbides,  and 
the  consequential  refinement  of  martensite  plate 
sise. 

Alloy  development  should  proceed  along  three 
main  lines: 

ni  Development  of  alloys  in  compositions 
which  facilitate  aus/orming 

(2)  Strengthening  by  precipitation  of 
compounds  other  thsn  carbides 

(3)  Study  of  isothermal  transformation  to 
lower  baiaite  in  vaiious  alloys  and  its 
etieet  on  toughness. 

At  the  san^e  tims  .  further  study  of  the  factors 
affseting  fracture  toughness  is  desiraHlc.  Among 
s  vast  array  of  problems,  it  would  be  intereeting 
to  know  the  effect  of  the  fineaeea  sad  aaturs  of 
precipilatsd  carbides  on  crack  propagation,  hear¬ 
ing  in  mind  that  the  carhidee  themaelvee  are  hard 
and  rather  brittle. 

Machining  reeeareh  ia  very  important,  and 
unlees  good  economic  mathede  can  he  eeubliahed, 
the  extent  of  application  of  the  quenched  and  tem- 
pered  ateele  wiil  be  limited  and  the  emphaaie  will 
be  towarde  ateela  of  the  maragiag  lype. 
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It  is  concluded  that  many  quenched  and  tem¬ 
pered  very  high-strength  steels  are  available  which 
possess  high  strength,  combined  with  good  ductil¬ 
ity,  adequate  fracture  toughness,  good  fatigue 
properties,  and  satisfactory  low- temperature 
properties.  The  specific  needs  of  particular 
designs  can  be  met  by  appropriate  choice  of  com¬ 
position,  hardening,  and  tempering  temperatures, 
or  isothermal  heat  treatment. 

To  satisfy  stringent  requirements  for  trans¬ 
verse  ductility,  toughness,  and  reliable  fatigue 
properties  at  these  strength  levels,  it  is  impor¬ 
tant  to  achieve  high  purity  and  a  high  degree  of 
cleanness,  with  the  result  that  improved  steel¬ 
making  and  refining  techniques,  and  vacuum 
melting,  are  used  extensively. 

Techniques  for  ms.chining  these  steels  and 
finishing  them  in  the  hardened  condition  have  been 
worked  out,  but  research  to  solve  problems  with 
certain  operations  is  required.  With  progress  to 
higher  strengths,  machining  difficulties  may 
limit  the  extent  to  whidt  these  steels  can  be  used. 

The  p<;ecautions  to  be  taken  and  the  processes 
to  be  used  for  the  protection  of  these  steels  are 
understood. 

A  great  deal  of  practical  experience  aas 
been  gained  in  the  aircraft  and  missile  industries 
ir.  the  reliable  use  of  quenched  and  tempered  steels 
in  the  2S0-280  ks.  ultimate  tensile- strength  range. 
The  success  achieved  confirms  the  need  to  consider 
extending  the  use  of  this  class  of  steel  in  other 
fields  of  engineering,  particularly  ordnance, 
fighting  vehicles  and  other  military  equipment. 

A  casting  alloy  with  ultimate  tensile  strengths 
in  excess  of  22S  ksi  has  been  developed  and  will 
extern*  the  range  of  applications. 

The  need  for  greater  fracture  toughness  Has 
lead  to  the  development  of  promising  9Ni-4Co 
steels  which  can  ^  isoths  rmally  transformed  to  a 
hainitic  structure  with  exceiient  properties. 

With  Improved  knowledge  of  factors  affecting 
fracture  toughness .  forther  improvements  can  be 
mads  in  aU  high-strength  s*eels.  Some  quenched 
and  tempered  steels  can  be  used  for  ultimate 
teosile^treagth  levels  above  300  ksi,  and  for 
strengths  above  3S0  ksi  their  properties  could  be 
enhanced  by  thermal-mechanical  working. 
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THERMOMECHANICAL  TREATMENT  OF  STEEL 
by 

J.  J.  Harwood  and  R.  Clark* 


INTRODUCTION 

Thermo  mechanical  treatment  (TMT)  has  be¬ 
come  an  accepted  descriptive  nomenclature  for  the 
processing  of  steels  involving  a  combined  cycle  of 
mechanical  working  and  heat  treatment  to  achieve 
desired  mechanical  properties.  It  has  assumed 
particular  significance  for  the  development  of 
ultrahigh-strength  steels  which  exhibit  useful  duc¬ 
tility  and  toughness  characteristics.  Such  pro¬ 
cessing  combinations  are  not  novel  and  have  had  a 
history  of  industrial  usage,  as  for  example, 
patenting,  strain  aging,  zero  rolling  and  related 
processes.  Indeed  it  is  somewhat  surprising  that 
more  concentrated  attention  to  the  use  of  TMT  to 
achieve  superior  properties  did  not  arise  earlier, 
in  view  of  the  prior  industrial  art  which  existed. 
One  contributing  factor  to  the  recent  emerger.'  c  of 
interest  along  these  lines  has  been  the  increasing 
requirements  for  higher  strength  materials  in 
military  and  space  systems,  but  as  will  be  noted 
later,  important  technological  advances  can  also 
be  achieved  for  more  conventional  industrial 
applications. 

CLASSIFICATION  OF  TMT 

A  variety  of  alloys  and  combinations  of  defor¬ 
mation  and  thermal  treatments  have  been  investi¬ 
gated  during  the  past  several  years  and  a  number 
of  recent  reports  have  reviewed  the  progress  in 
this  field  quite  comprehensively.  ( ^■^)**  Radcliffe 
and  Kulal^)  have  attempted  to  introduce  seme  de¬ 
gree  of  systematization  in  consideration  of  TMT 
by  classifying  the  treatments  into  three  principal 
groups: 

I  -  deformation  of  austenite  prior  to 
transformation 

II  —  deformation  of  austenite  during 
transformation 

III  -  deformation  after  transformation 
of  austenite 

The  Type  II  treatment  includes  the  well  es¬ 
tablished  methods  for  processing  austenitic  stain¬ 
less  steels  and  the  semi-austenitic  precipitation 
hardenable  stainless  steels,  involving  the  trans¬ 
formation  of  austenite  to  martensite.  In  these 
steels  the  final  structure  consists  of  varying 
amounts  of  austenite  and  martensite  and  the 
strengthening  occurs  as  a  consequence  of  strain 
hardening  of  both  the  austenite  and  the  strain- 


*  J.  J.  Harwood,  Manager,  Metallurgy  Depait- 
merit.  Scientific  Laboratory,  and  R.  Clark, 
Manager,  Metallurgical  Engineering  Depart¬ 
ment,  Applied  Research  Office,  Ford  Motor 
Company. 

**  References  are  given  on  pages  ^12  and  213. 


induced  martensite.  More  limited  work  has  been 
done  on  deformation  during  bainite  formation  in 
low  alloy  steels. 

The  Type  III  treatments  include  the  deforma¬ 
tion  and  aging  of  martensites  or  such  isothermal 
reaction  products  as  bainite.  Deformation  at 
room  temperature  generally  is  involved,  with  , 
rapid  increases  in  strength  for  low  deformations; 
the  amount  of  strengthening  increasing,  wifh  in¬ 
creasing  carbon  content.  Extremely  high 
strengths  (up  to  500,000  psi)  may  be  achieved  with 
cold  worked  (and  aged)  martensites,  but  these  are 
usually  associated  with  limited  ductility  and  tough¬ 
ness.  Related  properties  have  been  reported 

for  deformed  bainites,  (8,9) 

Although  interesting  properties  can  be 
achieved  by  these  two  types  of  treatments  ,  most  of 
the  recent  work  and  interest  has  been  centered  on 
TMT  involving  the  deformation  of  austenite  prior 
to  quenching  to  martensite.  In  view  ot  the  more 
advanced  technological  development  of  martensitic 
steels  involving  the  prior  deformation  of  austenite, 
discussion  in  this  paper  will  be  confined  to  this 
type  (Type  I)  of  TMT. 

AUSTENITE  DEFORMATION  TMT 

The  essential  features  of  this  process  are  the 
plastic  deformation  of  austenite  in  a  time- 
temperature  range,  (such  that  little  or  no  decompo¬ 
sition  to  isothermal  transformation  products  oc¬ 
curs)  immediately  followed  by  quenching  to 
martensite  and  subsequent  tempering.  In  prin¬ 
ciple,  the  temperature  of  deformation  can  be  either 
in  the  stable  or  metastable  austenitic  range,  see 
Figure  1.  The  former  corresponds  to  the  normal 
hot-working  processes  for  steel  and  has  been  des¬ 
ignated  in  the  Soviet  literature(  ^  8)  as  "High  Tem¬ 
perature  Thermo  Mechanical  Treatment"  (HTMT). 
GrangeC^*)  has  shown  that  control  of  the  hot  work¬ 
ing  technique  can  result  in  significant  reduction  in 
grain  size  and  improved  mechanical  properties  of 
the  final  product.  By  heating  and  deforming  at 
lower  temperatures  than  in  conventional  hot  work¬ 
ing  practice,  hot  working  can  be  utilized,  not  only 
to  provide  an  economical  method  for  changing 
shape,  but  to  provide  strength  improvements 
through  thermomechanical  treatment. 

The  bulk  of  activity,  however,  has  been  cen¬ 
tered  on  the  deformation  of  metastable  austenite, 
so  as  to  avoid  or  minimize  recrystallization  (cor¬ 
respondingly  designated  as  low  temperatu’‘e 
thermomechanical  treatment  (LTMT)  by  the 
Soviets).  The  technologically  important  alloys  for 
achieving  optimum  .strengthe.iing  effects  by  this 
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FIGURE  1.  TIME -TEMPERA  TURE- 

TRANSFORMATiON  DIAGRAM 
FOR  A  3Mo-3Ni-0.  2C  STEEL 

process  are  those  which  exhibit  a  suppressed 
(.earlite  nose  and  a  deep  ’’bay"  in  the  isothermal 
transformation  diagram.  These  characteristics 
provide  a  wide  latitude  oC  temperature  and  time 
conditions  for  the  deformai;on  of  the  metastable 
austenxte,  without  deccn^position  to  isothermal 
transformation  products  d.’.^ing  the  deformati  'n 
step. 

Ausforming(^)  has  become  an  accepted  term 
for  describing  the  priKess  of  deforming  of  meta- 
stable  austenite  within  the  temperature  region 
that  exists  in  the  "bay"  etween  the  transforma¬ 
tion  rones  of  pearlite  rui  bainite,  quenching  of 
the  strain  hardened  ac  -nite  to  martensite,  fol¬ 
lowed  by  tempering  of  the  .nsrleiisite  so  formed. 
More  recertly,  the  term  hot-cold  working  has 
been  gaming  recognition^  i^)  to  cover  a  br  iader 
range  of  deformation  temperatures  within  the 
mrtastahle  austenitic  range. 

The  significant  feature  of  the  process  is  that 
martensite  formed  from  deformed  austenite  has 
subetanlially  grr?aler  strength,  with  similar  or 
greater  ductility  and  toughnsss,  than  that  obutn-'d 
in  coi. -entionally  quenri.ed  and  tempered  mar- 
tenaittc  aleels-  Depending  upon  ailoy  compoeition 
and  proceeaing  variabiea,  a  atrength  in-rcaae  of 
over  100,000  psi  can  be  achieved.  For  example 
with  a  Vasco  MA  siecl  fFigure  1),  ausforming 
provides 


Tensile  strength 
Yield  strength 
Elongation 
Reduction  in  area 


450,000  pai 
400.000  psi 
7% 

>5% 


Typical  properties  (Figure  ))  of  ausformedH- )  1 .  a 
leaner  alloy  steel,  are; 


Tensiltt  strength 
Yield  ntiength 
Elongation 
Reduction  in  area 


400,000  psi 
340,000  psi 
8% 

40% 


It  may  be  noted  from  Figures  2  and  3  that  the 
strength  properties  of  the  aueformed  steels  at 
1000  F  are  equivalent  to  the  room  temperature 
properties  of  the  conventionally  treated  alloys. 


Tir 


FIGURE  2.  EFFECT  OF  TEMPERATURE 
ON  TENSILE  PROPERTIES 
OF  AUSFORMED  AND  CON¬ 
VENTIONAL  VASCO  MA  STEEL 


FIGURE  ».  EFFECT  OF  TEMPERATURE 
CW  TENSILE  PnO'^ERTlfS  OF 
AUSFORMED  AND  CONVEN¬ 
TIONAL  i:-n  STEEL 

The  DMIC  report  by  Marschalil*)  is  a  thorough 
survey  of  available  information  on  the  hot-cold 
working  reeponse  of  over  60  different  alloy  siecls 
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and  the  influence  of  such  variables  as  alloy  com¬ 
position,  austenitizing  temperature,  deformation 
temperature,  degree  of  deformation,  tempering 
treatment,  etc.  ,  on  the  final  properties.  A  repe¬ 
tition  of  such  information  is  not  necessary  here  in 
the  light  of  existing  familiarity  with  this  process 
in  the  technical  community  interested  in  higlv- 
strength  steels  Intensive  activity  during  the  past 
lew  years  in  our  laboratories  and  elsewhere  has 
led  to  a  clear  rationale  of  the  strengthening  mech- 
ms  underlying  the  ausforn'.  process,  and  we 
thought  *hat  it  might  be  more  appropriate  for  the 
purposes  of  tni  conference  to  present  a  picture  of 
the  important  .catures  underlying  the  strengthen¬ 
ing  process.  It  *  our  belief  that  this  picture  is 
-'ot  only  useful  in  rationalizing  much  of  the  avail¬ 
able  data  in  the  literature  on  the  properties  of 
ausformed  and  t.ot-cold  work.^d  martensitic  steels, 
but  pro-  ides  an  important  guide  for  the  efficient 
design  of  alio/  composition  and  working  schedules 
so  as  to  achieve  optimum  properties,  depending 
upon  specific  application  requirements.  In  addi¬ 
tion  we  will  also  discuss  some  of  the  application 
feasibility  studies  of  ausformed  st^  els  which  are 
underway  at  the  Ford  Motor  Company. 

MECHANISM  OF  STRENGTHENING 
BT  AUSFORMiNC 

Numerous  mechanisms  have  been  discussed 
in  the  literature^  *  >  as  contributing  to  the 

strengthening  of  steels  by  ausforming,  involving 
such  features  as  austenite  strain  hardening,  dis¬ 
persion  hardening,  fibering  and  preferred  orien¬ 
tation,  fine  martensite  plate  siae,  interstitial 
solid  solution  strengthening  by  carbon,  residual 
Stresses,  twinning,  carbon-dislocation  locking, 
vftc.  Consideration  of  the  previously  established 
effcctst^j  of  alloy  composition,  carbon  con¬ 
tent,  and  amount  and  temperature  of  deformation 
on  the  properties  of  ausformed  martensitic  steels 
led  to  the  recognition  that  the  microstructursl 
alterations  occurring  in  the  austenite  during  de¬ 
formation  we-e  exerting  a  major  influence  upon 
the  properties  of  the  final  martennilic  suit.  It 
became  clear  that  more  information  was  needed 
about  :he  deformation  reaponse  of  metastabla 
auatenile  and  the  mechanism  t/  which  the  strain 
Hardened  austenitic  conditiau  influenced  the 
strength  of  the  subsequanity  iurmed  martensite. 

Mac  rase  opic  Behavior  of 

‘nS’-taetable  /uetenite 

Work.n^l  using  «  steel  with  an  M^  below 
rocm  temperature  (0. 13C,  UCr,  I.  5NI),  had 
shown  that  the  yield  strength  of  aueteoite  in¬ 
creased  with  increasing  amoonl.  of  deformation 
and  decreasing  temperature  of  deformation  (a» 
would  be  esrpecled)  aiui  Chat  the  "ncreaeea  could  be 
correlated  with  the  alrength  tnereaees  for  the 
martensite  formed  from  the  slrain-hardened 
auatenlf*  over  the  aamc  deformation  conditiona. 
Whereas,  sit  of  Che  resjtls  in  carbon-containing 


alloys  indicated  that  the  strength  properties  of  the 
ausformed  steels  were  in  direct  proportion  to  the 
degree  of  prior  deformation  of  the  austenite, 
Tamura(l^)  had  reported  that  the  ha.-dness  of  mar¬ 
tensite  formed  from  either  annealed  or  strain- 
hardened  austenite  was  about  the  same  in  a  low 
carbon  (0.006%  C)  Fe-30%  Ni  alloy.  This  finding 
was  confirmed  and  extended  by  Justusson^l^)  who 
showed,  in  fact,  that  the  hardness  and  yield 
strength  in  low-carbon  (0.  01)  Fe-Ni  alloys  were 
similar  for  austenite  deformed  90%,  martensite 
formed  from  such  deformed  austenite,  or  mar¬ 
tensite  formed  from  annealed  austenite.  The  im¬ 
portance  of  carbon  as  an  essential  feature  of  the 
ausform  process  was  obvious  and  attention  was 
focused  on  the  role  of  carbon  in  contributing  to 
precipitation  of  the  austenite,  ns  interrelationship 
with' alloy  solutes,  its  interaction  with  dislocation 
structure  and  its  effects  on  the  final  martensitic 
state. 

Gerberich  and  coworkers^  therefore  inves¬ 
tigated  the  macroscopic  yield  behavior  of  metasta¬ 
ble  austenite  at  1000  F  in  a  seriei  of  steels  con¬ 
taining  different  carbon  cor.tento  and  differing 
amounts  of  Cr,  Mo,  V,  and  Ni  as  major  alloying 
elements.  Multiple  yielding,  i.  c.  ,  serrated 
stress-strain  curves,  was  exhibited  by  those 
steels  containing  alloy  carbide  forming  elements, 
whereas  when  such  elements  were  absent,  no  such 
effects  were  observed.  These  observations  were 
confirmed  by  McEvUy,  et  al(*^\  an  example  of 
serrated  stress -strain  behavior  is  shown  in  Fig¬ 
ure  4.  The  degree  of  serrations  increased  with 
increasing  concentration  ot  alloy  carbide  iormciM 
and  decreased  with  decreasing  temperature.  Such 
multiple  yielding  behavior,  known  at  the  Portevin- 
LeCha'.elier  effect,  is  usually  aseociated  with  a 
str.jng  interaction  between  dislocations  and  strain- 
induced  precipitates  formed  during  deformation. 


riGURE  4.  STRESS-STRAIN  !IELAT1C»4SH1PS 

OK  austenite  or  two  CUPKER- 
ENT  COMPOSITIONS.  TEST  TEM¬ 
PERATURES  NOTED  ON  GRAPH* 
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These  preliminary  observations  led  to  a  more 
systematic  and  detailed  investigation,  by  Thomas, 
Schmatz,and  Gerberich,(^^)of  the  strain  harden¬ 
ing  behavior  of  metastable  austenite.  A  base 
composition  of  Fe-25Ni-0.  3C  was  utilized,  with 
varying  amounts  of  Mo,  Cr  and  V.  The  nickel 
composition  was  adjusted  so  that  the  alloys  had  an 
M,  temperature  of  about  -40  C,  which  enabled 
convenient  examination  of  the  austenite  behavior. 
The  results  again  showed  that  only  those  alloys 
containing  carbide  forming  solute  elements  (e.  g.  , 
Mo,  Cr,  V)  exhibited  serrated  stress-strain 
curves.  In  addition,  the  highest  strengths  and 
highest  strain-hardening  response  of  the  austenite 
were  observed  in  those  alloys  which  exhibited  such 
multiple  yielding  behavior.  Figure  S  shows  the 
comparative  stress-strain  behavior  (or  two  alloys, 
with  and  without  molybdenum.  Note  that  the  room 
temperature  properties  of  both  alloyii  were  simila'* 
in  the  absence  of  prior  deformation,  indicating 
little  solid  solution  strengthening  of  molybdenum 
in  the  austenite.  Deformation  at  elevated  tem¬ 
perature  (7S5  K)  reveals  the  significant  effect  of 
the  molybdenum  addition  upon  the  strain  hardening 
response  of  the  austenite  (bottom  two  curves). 

The  most  striking  effect  of  the  carbide  forming 
elements  can  be  seen  by  the  comparison  of  the 
properties  of  the  austenite  at  room  temperature, 
after  deformation  at  755  K.  The  molybi^num 
containing  alloy  had  a  71%  increase  in  ri  i  tem¬ 
perature  yield  strength,  as  compared  to  o.  a 
31%  increase  in  the  alloy  with  no  carbide  fot.'^'^ng 
element.  A  useful  correlation  of  the  effect  of  al¬ 
loying  elements  upon  the  strene'n  of  room  tem¬ 
perature  austenite  can  be  obtained  through  the  use 
of  the  parameter,  nk*  (derived  from  true  stress- 
true  strain  curves).  Figure  b  shows  that  the 
higher  the  elevated  temperature  strain-hardening 


FIGURE  5.  STRESS-STRAIN  CURVES 

FOR  AUSTENITIC  ALLOYS<*^> 
*n  an^  k  are  the  stress  hardening  exponent .  and 
strength  coefficient,  as  defined  in  T  s  kc*' 


response  of  the  alloyed  auetenites,  the  higher  the 
room-temperature  properties.  Of  the  alloys  in¬ 
vestigated,  molybdenum  additions  produced  the 
maximum  strengthening. 

Microstructure  of  Deformed 
Metastable  Austenite 

Such  macroscopic  behavior  of  deformed  me¬ 
tastable  austenite  obviously  must  be  related  to  the 
mic-ostructural  changes  in  th^  austenite  produced 
by  the  deformation  process.  Two  factors  which 
would  be  of  most  significance  are  (a)  an  increase  in 
dislocation  density  and  point  defects  and/or  (b)  the 
nucleation  and  precipitation  of  finely  dispersed 
alloy  carbides.  Since,  as  shown  in  Figure  5,  the 
room  temperature  deformation  of  the  alloyed  aus¬ 
tenites  indicated  little  influence  of  solute  carbide 
formers  in  solution  upon  strain  hardening  response 
and  since,  as  previously  discussed,  in  the  absence 
of  carbon,  little  effect  of  prior  deformation  upon 
the  properties  of  ausformed  alloys  had  been  ob¬ 
served,  it  appears  that  increasc<^  'iislocation  den¬ 
sity,  per  se.  cannot  fully  account  for  the  superior 
room  temperature  properties  of  the  austenite  pre¬ 
deformed  at  elevated  temperatures.  The  strong 
effects  of  carbide  forming  solutes  upon  the  strain 
hardening  response  of  the  austenite  at  elevated 
temperatures  and  upon  the  subsequent  properties 

at  room  temperature  are  most  likely  associated 
with  the  formation  of  a  fine  dispersion  of  alloy 
carbides  and  the  interaction  of  such  carbides  with 
deformation  induced  dislocation  substructures. 

This  key  role  of  alloy  carbide  precipitation  in  the 
ausform  process  had  been  proposed  earlier  by 
McEvily  and  coworkers ^  and  their  analysis 
focused  attention  m  this  feature  of  the  strength¬ 
ening  process. 


tm 


FIGURE  6.  USEFULNESS  OF  nk  PARAMETER 
IN  CORRELATE  EFFECTS  OF 
ELEVATED  TEMPERATURE 
DEFORMATION  OF  AUSTENITE 
*JPON  ROOM -TEMPERA  TU  RE 
PROPERTI£S( 


'  « 
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Strong  evidence  for  the  occurrence  of  such 
precipitation  was  obtained  by  Thomas,  et  al(^O)^ 
in  the  above  described  study.  Using  carbon  ex¬ 
traction  replica  techniques,  small  amounts  of 
alloy  carbides  were  extracted  directly  from  aus¬ 
tenite  which  had  been  deformed  at  510  C,  from 
only  those  steels  containing  alloy  carbide  form¬ 
ing  elements.  Positive  identification  of  Mo^C, 
Cr23C^  and  VC  (depending  upon  the  alloy)  was 
made.  Further  direct  evidence  of  alloy  carbide 
formation  was  observed  in  thin  foil  electron  trans¬ 
mission  microscopy  examinat:  ;n.  Figure  7  il¬ 
lustrates  the  presence  of  carbides  in  the  deformed 
austenite,  associated  with  complex  tangles  of  dis¬ 
locations.  Yield-strength  calculations,  based 
upon  measured  particle  size  and  effective  spacing 
(using  the  Orowan  model)  were  in  reasonable 
agreement  with  the  observed  strength  values. 

The  increased  dislocation  density  in  the  de¬ 
formed  austenite  introduces  nucleation  sites  for 
alloy  carbide  precipitation.  In  addition,  the 
precipitation  of  carbides  are  promoted  by  the  pro¬ 
duction  of  vacancies  during  plastic  deformation 
which  enhances  the  rate  of  diffusion  of  alloy  car¬ 
bide  forming  elements.  Calculations  of  diffusion 
rates  and  distances^  are  consistent  with  such 

a  nucleation  and  precipitation  process.  The  fine 


FtCUKC  7.  TRANSMISSION  ELECTRON 

MICROGRAPHS  OF  AUSTENITIC 
SUBSTRUCTURE  OF  Fe-iSNl- 
4.  5Mo-0.  28C  ALLOY  AFTER 
JO  PER  CENT  DEFORMATION 
AT  SIO  C<'®) 

(a)  Bright  field  image,  (b)  same 
area  using  reflcciton  B  (matrix 
and  Mo^C  Spots).  Not.  precipi¬ 
tates  revealed  in  dark  field  Image. 
Photograph  wa,  '--duced  about 
25  per  vent  in  printmR. 


dispersion  of  alloy  carbides  not  only  provides 
strong  barriers  to  dislocation  motion  but  further 
increases  the  rate  of  work  hardening  by  increasing 
the  rate  of  dislocation  multiplication.  Since  local 
depletion  of  alloying  elements  would  occur  as  a 
consequence  of  precipitation  localized  increase  in 
stacking  fault  energies  and  enhanced  cross  slip  and 
dislocation  tziigling  would  be  expected.  Indeed 
prior  to  precipitation  Thomas,  et  observed 

that  the  deformation  structure  exhibited  dislocation 
arrangements  confined  to  slip  planes,  whereas 
after  precipitation  complex  dislocation  tangles  ap¬ 
peared. 

Thus  the  recent  accumulation  of  evidence  ap¬ 
pears  to  support  strongly  the  earlier  proposal  of 
McEvily  and  cowcrkers(13, 14)  that  carbide  precipi¬ 
tation  during  the  austenite  deformation  stage  was  a 
major  factor  in  achieving  ultrahigh-strength  steels 
by  the  ausform  process.  It  must  be  noted  that  even 
steels  containing  small  amounts  or  none  of  the  alloy 
carbide  formers  exhibit  increased  strength  after 
ausforming  as  compared  to  conventional  quenching 
and  tempering  treatments  (Figure  8).  Such 
strength  increases  may  be  due  to  the  precipitation 
of  iron  carbides  and  the  strain  hardened  response 
of  the  austenite.  The  much  higher  strength  values 
associated  with  ausformed  bieels  containing  Mo, 

Cr,  V  and/or  other  alloy  carbide  formers  is  a  con¬ 
sequence  of  the  interaction  of  strain* induced  alloy 
carbide  precipitates  and  dislocation  substructure. 


FiCURC  8.  STREK-STRAIN  BEHAVIOR 
OF  AS-QUENCHED 
MARTENSITES  AT  UOUIO 
NITROGEN  TEMPERATURE^^^)) 
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Behavior  of  Martensite 

With  this  background  of  information  about  the 
deformation  induced  microstructural  changes  in 
the  austenite  we  can  consider  more  specifically 
the  nature  of  the  strengthening  mechanism  that 
endows  the  martensite  produced  from  deformed 
austenite  with  its  extremely  high  strength.  The 
work  of  Schaller  and  Schmatz(I9)  showed  that  di~ 
rect  mheritance  by  the  martenite  of  defects  gen¬ 
erated  during  the  deformation  of  austenite  does 
indeed  occur.  The  inheritance  of  dislocation  sub¬ 
structure  and  fine  alloy  carbides  is  probably  the 
rule  rather  than  the  exception.  An  additional  key 
piece  of  information  came  from  the  studies  of 
McEvily,  et  alt^O)^  af  the  sources  of  strength  of 
conventionally  formed  acicular  martensite.  They 
measured  the  stress-inicrostrain  behavior  of  a 
series  of  iron  nickel  carbon  martensites  whose 
compositions  were  chosen  so  as  to  obtain  a  com¬ 
mon  Mg  of  about  -36  C.  They  observed  that  at 
liqtad  nitrogen  temperatures  the  flow  stress  at 
macroscopic  strains  increased  with  increasing 
carbon  content  [confirming  the  earlier  observa¬ 
tions  of  Winchell  and  Cohen(2  0] ,  but  that  perma¬ 
nent  plastic  strains  were  obtained  at  the  vi  r  ,  low 
stress  of  about  10,000  psi,  Figure  8.  Most  strik¬ 
ingly,  the  initial  portions  of  the  microstrain 
curves  were  independent  of  carbon  content.  These 
findings  led  them  to  conclude  that  structure  of  the 
aF  -quenched  martensite  in  this  system  is  char¬ 
acterized  by  a  high  density  of  dislocations  gen¬ 
erated  by  the  volume  change  that  accompanies  the 
austenite-martensite  transformation  (the  volume 
change  is  about  4%,  and  is  not  too  sensitive  to 
carbon  content).  At  liquid  nitrogen  temperatures, 
carbon  atoms  cannot  diffuse  to  dislocations  and  the 
carbon  distribution  in  the  ma.tensite  reflects  sub¬ 
stantially  that  which  pre-existed  in  the  austenite. 
The  high  density  ol  unpinned  dislocations  permits 
plastic  trains  .n  martensite  at  very  low  stresses, 
whose  magnitude  is  independent  of  carbon  content. 
At  larger  strains,  the  rate  of  hardening  does  re¬ 
flect  the  ''arbon  level,  (or  as  the  dislocations  mrve 
they  will  t  ventually  interact  with  the  carbon  atoms 
in  the  matrix.  The  effectiveness  of  the  carbon- 
dislocation  locking  interaction  increases  with  in¬ 
creasing  carbon  content,  saturating  out  at  about 
0.  3%  C.  A  similar  response  can  be  obtained  by 
aging  at  rown  temperature,  which  aliows  the  car¬ 
bon  atom#  to  diffuee  to  the  dielecations  and  pro¬ 
duce  locking. 

Thue  the  macroflow  etreea  of  the  marteneite 
le  easentially  that  neceeeary  to  overcome  the 
short-range  resistance  of  the  interstitial  atoms 
(i.  e.  ,  to  unpin  the  locking  points)  and  in  this  sense 
martensite  is  strengthened  by  carbon  tn  solution. 
However,  it  is  much  more  effective  (or  the  dis¬ 
persion  of  locking  points  be  in  the  ronn  of  fine, 
strong  precipitates  (such  as  alloy  carbides),  for 
ut  this  situation,  the  dislocations  must  bow  be¬ 
tween  the  precipitate  particles,  leaving  dislocation 
loops  or  tangles  around  each  partu  le.  If  the 


inter -precipitate  particle  distances  are  small, 

<100  A,  significant  increases  in  strength  can  be 
achieved.  In  this  connection,  it  is  important  to 
note  that  the  microstrain  limit  for  ausformed  al¬ 
loyed  martensites  is  about  160,000  psi  as  com¬ 
pared  to  10,000  psi  for  the  conventional  martenbite 
of  Figure  8.  The  more  rapid  accumulation  of  dis¬ 
locations  assures  a  subsequent  high  strain  harden¬ 
ing  rate  which  is  responsible  for  the  observed 
macroscopic  strength  levels  of  400,000  psi  and 
greater.  In  correspondence  to  the  mechanical  be¬ 
havior  of  the  austenite,  the  strength  of  martensite 
increases  much  more  significantly  with  prior  de¬ 
formation  of  the  austenite  in  those  alloys  containing 
alloy  carbide  formers  and  therefore,  a  high  strain 
hardening  response  of  the  austenite. 

Martensite  produced  from  ausformed  allo^ 
austenite,  as  compared  to  conventional  martensite, 
IS  usually  finer,  more  zig-zagged,  has  a  higher 
dislocation  density,  contains  a  fine  dispersion  of 
carbide  precipitates  and  much  less  evidence  for 
twinninF^  -  ?ill  of  which  would  be  expected  as  a  con¬ 
sequence  of  the  precipitation  of  alloy  carbides  in 
the  austenite. 

Process  Variables 

To  summarize  briefly  the  above  picture  of  the 
strengthening  mechanisir  of  ausformed  steeU,  the 
principal  feature  is  dispersion  hardemng  resulting 
from  the  precipitation  of  alloy  carbides  during  the 
deformation  of  metastable  austenite.  Those  alloys 
which,  as  a  consequence  of  carbide  precipitation, 
exhibit  the  greatest  atrain  harding  response  of  the 
austenite,  produce  the  strongest  martensites.  The 
ausformed  martensitic  structures  contain  the  de¬ 
formation  produced  precipitate  and  high  disloca¬ 
tion  densities.  The  dislocations  are  both  inherited 
from  the  austenite  and  are  produced  by  the  lattice 
shear  and  dilation  associated  with  the  austenite- 
martensite  transformation.  As  a  consequence  of 
the  strong  interaction  between  the  fine  diepersion 
of  alloy  carbide  precipitates  and  the  distocation 
substructure,  the  martensite  alto  exhibits  a  higher 
strength  than  ronventtonal  martensites,  it  ie  our 
belief  that  this  picture  leads  to  a  cli  ar  understand¬ 
ing  of  the  variebles  which  influence  the  aueform 
process  and  to  useful  concepts  (cr  design  of  opti¬ 
mum  alloy  compositions  to  meet  deelred  strength 
and  associated  properties.  The  interactions  of 
carbon  content,  alloy  compoaition,  amount  and  tem¬ 
perature  of  deformation  are  the  ccMitrolliag  factors. 

(a)  Carbon  Content 

Carbon  le  obviously  eeeenUal.  In  the  ab¬ 
sence  of  carbon  thoro  ie  little  or  no  improvomont 
in  properties  of  alloy  marteneiUsby  auafornung. 

It  has  bean  obeervot^^^^i^^^  within  a  limited  range 
of  carbon  content  for  the  same  alloy  steel,  that  the 
Incremental  increases  in  yield  strength  of  the  final 
martensite  ie  independent  of  carbon  content.  How¬ 
ever,  this  does  not  necoeearily  hold  when  compar¬ 
ing  different  alloy  steels. 


(b)  Alloy  C  3m position 
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Tempering  Reaponse 


One  primary  function  of  alloy  additions  is 
to  increase  the  stability  of  metastable  austenite  by 
suppressing  the  pearlite  nose  and  increase  the 
height  and  depth  of  the  bay  between  the  pearlite 
and  bainite  bands.  This,  of  course,  provides  a 
greater  latitude  and  flexibility  in  processing  so 
as  to  avoid  the  formation  of  isothermal  transfor¬ 
mation  products,  which  result  in  undesirable 
mechanical  properties.  The  highest  strengths  are 
achieved  in  alloys  which  contain  alloy  carbide 
forming  elements  (e.  g.  ,  Mo,  Cr,  V>  as  solutes. 
Fortunately,  these  same  elements  also  serve  to 
increase  the  extent  of  the  metastable  austenitic 
bay.  The  nucleation  of  the  carbide.s  during  the  de- 
forma^'on  stage  is  promoted  by  vacancy  enhanced 
diffu  'on  and  elements  such  as  molybdenum  n  ore 
readilv  form  small,  finely  dispersed  carbides  and 
exhibit  the  greatest  effect.  The  alloy  carbide 
formers  must  be  in  solid  solution  in  the  austenite 
to  be  effective.  This  is  particularly  important  for 
vanadium  and  niobium,  whose  efiectiveness  may 
be  less  than  expected  if  present  in  the  form  of  car- 
bid<^s  during  austenitizing  prior  to  the  ausform 
pfocfcss.  Alloy  compositions  which  exhibit  the 
greatest  strain  hardening  response  of  the  austenite 
produce  the  strongest  martensite. 

Amount  and  Temperature  of  Deformation 

The  greater  the  amount  o'  deformation,  the 
greater  is  the  strain  hardening  response  of  the 
austenite  and  the  higher  the  likelihood  of  nucleating 
carbide  precipitates  in  a  finely  dispersed  form. 
Significant  ncroases  in  strengths  are  achieved  by 
deformations  exceeding  about  50%.  If  the  final 
working  ten  peratures  are  too  high,  recovery,  re- 
crystallization  and  grain  growth  may  occur  which 
dimmish  the  overall  elfectiveness  ai  the  process. 

!f  ths  temperatures  see  too  low,  th'  rate  of 
difiusivity  ot  the  alloy  elements  may  not  be  suffi¬ 
cient  tu  nucleate  alloy  carbides.  Finishing  tem¬ 
peratures  in  the  vicinity  of  the  "bay"  tempera¬ 
tures,  about  850-1  '00  F  are  the  most  effvci.ve. 

For  steels  containing  alloy  carbide  formers,  the 
highest  sire'igths  are  obtained  when  the  deforma¬ 
tion  iempvr«'.ture  corresponds  to  that  at  which  sec 
ondar  haidncss  peaks  are  observed  in  conven¬ 
tionally  'ijuenched  and  tempered  steels. 

Total  Processing  Time 

For  steels  with  a  deep  metastable  bay.  time 
involved  in  processing  is  not  a  critical  factor. 
Little  or  no  evidence  of  isothermal  transformation 
products  has  been  observed.  Some  of  the  alloys 
have  been  held  at  temperature  fur  many  hours, 
after  deformation,  with  no  deleterious  effect  upon 
final  properties,  indteatmg  the  high  stability  of  the 
dislocation-carbide  precipitate  interaction.  With 
leaner  alloys,  the  TTT  diagram  is  a  useful  guide, 
remembering  that  deformation  results  in  earlier 
forn'ation  of  isothermal  transformation  products. 


Balanced  alloy  steels  (i.  e.  ,  those  in  which  the 
carbon  and  carbide  forming  elements  are  in  stoi¬ 
chiometric  balance)  exhibit  the  best  retentivity  of 
strength  upon  tempering  at  elevated  tempering 
temperatures.  An  excess  of  carbon  or  carbide 
forming  element  leads  to  rapid  softening  at  ele¬ 
vated  temperatures.  Tempering  of  properly  al¬ 
loyed  ausformed  steels  below  the  temperature  of 
austenite  deformation  has  little  effect  upon  the 
strength  properties  of  the  martensite.  The  tem¬ 
pering  response.  Figure  9,  of  ausformed  steels 
again  indicates  the  role  of  a  stable  dispersion  of 
alloy  carbide  precipitates  in  maintaining  strength. 
The  elevated  temperature  strength  properties  of 
ausformed  steels  exhibit  similar  behavior  patterns 
as  the  tempering  curves  in  Figure  9 


FIGURE  9.  TEMPERLMC  RESPONSE 

COMPARISON  OF  AUSFORMED 
AND  CONVENTIONAL  STEELS 


APPUCATION  STUDIES  OF 
ausformed  STfel^LS 

The  technologically  interesting  combination  of 
properties  of  h  gh  strength,  toughness  and  fatigue 
resistance  have  led,  naturally,  to  application  stud¬ 
ies  for  the  exploitation  of  ausformed  steels.  Per¬ 
haps  the  most  frequent  queries  regarding  the  use 
of  ausformed  steels  arc,  "What  can  be  done  with 
steel  bars  after  ausforming^".  "Can  other  than 
laboratory  stse  samples  be  produced?";  "Is  there 
a  limitation  on  methoda  of  working?".  "Is  the  cost 
of  the  high  alloy  steels  required  for  ausforming 
prohibitive  "Cen  th  steels  be  machined?"; 

"Can  they  >e  welderl?".  etc.  The  eusforming 
process  is  not  simpl  and  requires  close  control 
of  both  tempcraiure  and  deformation  and  obviously 
ia  not  the  solution  to  all  high  strength  problems, 
however,  sufficient  results  arc  tn  hand  to  indicate 
that,  when  used  intelligently,  the  process  can  pro¬ 
duce  usrful  components  and  tools  resulting  in  both 
improved  technical  and/or  economic  performance. 


High-Strength.  High- 
Toughneee  Applicetioni 
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ClOfMION  tNO  DCDUCTION  IN  AIII4, 
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At  the  same  strength  levels,  ausformed  steels 
possess  greater  toughness  than  conventional 
quenched  and  tempered  steels  (Figure  10)  and  this 
advantage  has  led  to  consideration  of  their  use  for 
rocke^'motor  casings,  armcr  and  related  applica¬ 
tions.  Large  missile  cases  have  been  fabricated 
by  shear- spinning  techniques  and  successful  at¬ 
tachment  of  hardware  to  missili  c.ases  by  electron 
beam  welding  has  been  demonstrated.  Because  of 
the  interest  in  this  area  the  fractu^'e  toughness  be¬ 
havior  of  ausformed  steels  has  received  consid¬ 
erable  attention.  It  has  been  shown(“^«^^)  that  the 
optimum  combination  of  strength,  ductility,  and 
fracture  toughness  results  from  a  maximum  of 
ausform  deformation,  compatible  with  a  minimum 
amount  of  carbon  to  produce  a  desired  strength 
level  (Figure  11).  Indeed  properly  constituted  al¬ 
loy  uteels,  containing  an  optimum  carbon  level, 
result  in  a  material  with  excellent  fracture  tough¬ 
ness.  The  fracture  toughness  super-ority  of  aus¬ 
formed  steels,  in  comparison  with  competitive 
materials,  can  be  seen  in  Figures  12-14  incl. 
Particularly  noteworthy  is  the  excellent  behavior 
of  the  experimental  alloy  steel,  X2,  which  is  a 
low-carbon  modified  H-11  composition. 


FlCt/RC  10.  STRSNCTH  AND  DUCTILITY  PROP¬ 
ERTIES  OF  AUSFORMED  AND  CONVENTIONAL 
STEEL  AS  FUNCTION  OF  C  CONTENTt*^* 

At  same  strength  level,  auefermed 
steel  has  higher  ductility. 


Automotive  Applicatioiis 

Ausformed  steels  tend  to  retain  the  50%  ratio 
uf  endurance  limit  to  tensile  strength  at  higher 
strength  levels  than  conventional  quenched  and 
tempered  steels.  The  excellent  fatigue  properties 
of  ausformed  steels  make  them  especially  attrac¬ 
tive  for  cyclically  stressed  components  of  an 


FIGURE  11.  STRENGTH  AND  DUCTILITY  PROP¬ 
ERTIES  OF  AUSFORMED  STEEl..  *lT  TWO 
DIFFERENT  CARBON  JJIVELS,  AS  A  FUNC¬ 
TION  OF  AMOUNT  OF  DEF0RMATI0N(22) 

For  same  strength  level,  carbon  content 
and  higher  ausform  deformation  results 
in  greater  ductility. 


l! 


FIGURE  12.  FRACTURE-TOUGHNESS- YIELD 
STRENGTH  COMPARISON  FOR  AUSFOr  MED 
AND  CONVENTIONAL  STEELS'^^) 


automobile.  In  such  applications,  cost  factors  are 
important  and  high  alloy  steels  such  as  H- 1 1  cannot 
be  used.  The  alloy  steels  typically  used  in  auto¬ 
motive  ap^ications  are  in  the  64  to  1 2d /lb.  coot 
range.  Of  the  low  alloys  suited  for  ausforming, 
Ladish  06A  alloy  (0.  5%  C,  1%  Cr,  1%  Mo. 

0.  5%  Ni)  at  a  coet  of  about  l)d  -  I5d  lb.  has  shown 
the  moat  promise,  and  has  been  evaluated  in  sev¬ 
eral  studies,  particularly  for  heavy  duly  leaf 
springs. 

Figure  IS  shows  the  fatigue  behavior  of 
8AE  5J60  conventional  springs  and  D6A  aus¬ 
formed  samples  of  1/4"  thickness  x  2-1/4"  wide. 
These  samples  were  prepared  on  our  laboratory 


FIGURE  13.  FRACTURE  TOUGHNESS- YIELD 
STRENGTH  COMPARISON  OF 
AUSFORMED  AND  MARAGED 
STEEL(23) 
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was  about  600  tons  ia  this  cats  and  350  hp  were 
used.  Incidentally,  plate  up  to  18“  wide  and 
1/2“  thick  has  now  been  successfully  ausformed 
on  a  commerciel  mill. 

In  addition  to  lesf  springs,  torsion  bars  are 
also  being  considered.  Figure  16  shows  the 
torsional  properties  ox  ausformed  H-11  for  sev¬ 
eral  different  treatments.  The  usefulness  of 
strain  aging  to  improve  shear  fatigue  strength  is 
quite  remarkable.  In  addition  to  H-11,  D6A  also 
has  excellent  torsional  fatigue  resistance  and  both 
straight  torsion  bars  and  'U'  shaped  flat  pistes 
are  being  considered.  The  straight  bar,  while 
mt^h  shorter  than  a  conventional  torsion  bar  (24“ 
vs.  60")  has  presented  and  fixture  problems  which 
are  not  easily  resolved.  The  flat  'U'  shape  is 
much  simpler  to  fabricate  and  has  added  advan¬ 
tages  ia  the  vehicle. 


FIGURE  14.  FRACTURE  TOUGHNESS 

COMPARISON  or  AUSFORMED 
5H2I  AND  X2  STEELE  WITH 
OTHER  COMPETITIVE 

MATERIA  L8(23) 

mill  with  a  maximum  separating  force  of  about 
62  tons.  Based  on  the  properties  obtained  with 
these  samples,  a  full  scale  desipa  was  made  for 
a  hesvy  truck  spring.  The  design  showed  a  pos- 
possibility  of  a  30%  reduction  in  weight  from  196  to 
136  lbs.  ,  with  8  leaves  in^’ead  of  17.  While  some 
scale-up  problems  in  the  form  of  reduced  fatigue 
lives,  have  been  encountered  with  S/S"  thick  aus- 
formed  leaves,  it  xs  expected  that  the  six  complete 
springs  will  be  assembled  for  tesr  by  the  end  of  the 
year.  The  design  was  based  on  the  use  of  leaves, 
S/B"  thick  X  3"  wide;  which  have  been  produced  on 
a  commercial  mill,  with  up  to  50%  reduction  in 
thickness  in  one  pass.  The  mill  separating  force 


FIGURE  16.  TORSIONAL  PROPERTIES  OF 

ausformed  spring  materials 


Tooling  Applications 
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Because  of  the  high  strength,  hot  hardness, 
toughness  and  fatigue  strength  of  ausformed 
steels,  an  obvious  area  of  interest  was  in  tooling 
applications.  At  the  Ford  Motor  Company  we  have 
investigated  the  behavior  of  ausformed  H-11  and 
Vasco  MA  in  cold  work  and  H-13  in  hot  work  ap¬ 
plications  with  notable  success. 

Figure  17  shows  two  cold  heading  punches 
which  were  used  in  our  Indianapolis  Plant.  The 
conventional  tool  steel  used  in  these  punches  was 
T5,  an  18%  W,  4%  Cr,  1%  V,  8%  Co  alloy.  The 
larger  tool  was  made  from  ausformed  H-11  and 
produced  an  average  of  100,000  pieces  compared 
to  30,000  for  the  T5  material.  The  smaller  punch 
was  made  from  ausformed  Vasco  MA  steel  and 
showed  a  life  increase  of  300%;  160,000  pieces 
compared  to  50,000. 

A  small  rivet  upsetter  showed  a  similar  life 
improvement  of  300%;  600,000  pieces  produced 
compared  to  200,000. 

Figure  18  shews  a  combined  piercing  and  ex¬ 
trusion  punch  and  illustrates  the  longitudinal 
grinding  used  to  improve  fatigue  life.  The  con- 
conventional  tool  material  in  this  case  was  M2  type 
high-«peed  steel  and  the  tool  failure  occurred  by 
fatigue.  At  an  average  life  of  77,000  pieces,  the 
piercing  tip  had  broken  off.  Ausformed  H-11  tools 
showed  a  higher  life  of  120,000  pieces  and  the  fail¬ 
ure  was  by  wear  on  the  extrusion  shoulder;  the 
piercing  tips  did  not  break  off. 

Another  investigation  was  that  of  a  rivet 
punch;  this  was  a  severe  impact  and  wear  applica¬ 
tion,  for  which  conventional  SS  steel  was  used. 

The  life  in  this  case  was  measured  in  useful  time 
and  averaged  42  hours  for  SS  at  Rc6l,  64  hours  for 
ausformed  H-11  at  Rc62,  and  72  hours  for  sus- 
(ormed  Vasco  MA  at  Rc66. 

Perhaps  one  of  the  more  interesting  trials  of 
ausformed  steels  has  been  the  use  of  H- IS  as  a  hot 
shearing  pinch  in  our  Canton  Forge  Plant.  The 
punch  IS  shown  in  Figure  19  and  was  used  to  make 
a  1"  dia.  hole  in  a  hot  forged  blank  for  a  differ¬ 
ential  side  gear.  The  piercing  operation  was  dons 
on  a  vertical  press  at  the  same  time  as  the  outside 
diameter  of  the  forging  was  trimmed.  The  con¬ 
ventional  toot  material  was  H-12  steel  and  the 
average  life  of  the  punch  was  about  14,000  pieces. 
The  usual  mode  of  failure  was  by  heat  checking  and 
washing  of  the  thermal  fatigue  cracks  which  when 
s'-vere  enough,  gave  ragged  holes  and  caused  the 
forging  to  stick  on  the  piercing  fwnch. 

Ausformed  H-13  punches  wf  ch  were  produced 
by  vertical  e  rusion  on  a  400-ton  MaxiPress 
showed  an  average  life  of  29,0t.3  pieces  end  the 
mode  of  failure  was  generally  wear.  This  can  be 
seen  in  Figure  20.  The  punch  tip  wore  away  and 


FIGURE  17.  AUSFORMED  COLD 
HEADING  PUNCHES 


FIGURE  18.  AUSFORMED  PIERCING  AND 
EXTRUSION  PUNCH 


the  punches  were  finally  removed  from  service  be¬ 
cause  of  undersise  holes.  A  variety  of  hardiness 
levels  were  investigated  and  it  is  interesting  to 
note  that  an  ausformed  punch  tempered  el  950  F 
(Rc  60.  5)  pierced  39,470  pieces.  Subsequently, 

20  punch  blanks  have  been  produced  jn  a  7"  upset¬ 
ter  in  H-12  material  and  tempered  to  Rc60i  these 
are  yet  to  be  tested,  and  it  is  believed  that  they 
will  outlast  the  H-li  punches  because  of  the  I.  4% 
tungsten  content  of  H-12  included  for  hot  wear 
resistance. 

In  discussing  the  technical  importance  of  us¬ 
ing  ausfo/med  steels  in  tooling  apfriications  oco- 
nomte  factors  must  also  be  considered.  A  quick 
look  at  the  cost  of  the  material  used  in  the  cold 
heading  apfdications  (H-ll)  indicates  a  substanUnl 
reduction  in  cost.  T5  alloy  currently  sells  for 
about  $3.  50/lb.  while  H-11  costs  60d  -  75d  ib. 


FIGURE  19.  AUSFOKM CD  HO  r  SHEARING 
PUNCH 

Note  we«r  of  punch  tip  after  an  averaRv 
life  of  about  ^16,000  piecea.  at  compared 
to  thermal  fatigue  falluret  ‘tf  conv«:r,tional 
P'inchea  after  only  14,000  piecea. 


With  the  exception  of  the  hot  piercing  punch  all  of 
the  tools  used  were  ground  from  rolled  tar  stock 
which  proved  to  be  quite  expensive.  The  piercing 
punch  was  formed  by  extrusion  and  as  little  as 
0.  020"  finish  stock  was  left  for  final  grinding.  In 
<hia  case  the  material  cost  was  the  same  for  aus* 
formed  or  conventional  tools,  but  because  of  the 
trade  off  cm  heat  treatment  and  rough  machining 
cost  against  ausforming  operations,  the  final  tool 
costs  would,  on  a  production  baste,  be  comparable 
and  show  real  savings  to  the  manufacturing 
operatiiMi  in  both  improved  tool  life  and  reduced 
down  time. 


FIGURE  20.  AUSFORMED  PISTON  PIN 
I ABRICATED  BY  BACK¬ 
WARD  EXTRUSION 


The  use  of  ausformed  teels  for  tooling  has 
shown  exceptional  potential  and  further  studies  of 
production  techniques  are  being  planned.  Extru¬ 
sion  close  to  final  size  seems  to  be  a  requisite  to 
reduce  the  finishing  costs  after  ausforming.  Three 
parameters  control  the  amount  of  stock  to  be  left 
for  finishing;  (a)  decarburization,  which  can  be 
controlled  by  proper  billet  preparation  and  furnace 
atmosphere  control,  (b)  surface  transformation  be¬ 
cause  of  die  chilling  which  can  be  almoot  elimi¬ 
nated  by  the  use  of  heated  dies,  and  (c)  surface 
finish,  which  is  dependent  on  proper  lubrication  of 
the  die  during  extrusion.  Of  the  three,  the  prob¬ 
lem  of  lubrication  to  decrease  die  loads,  improve 
surface  finish  and  increase  die  life,  is  the  least 
controllable.  At  the  moment,  no  completely  satis¬ 
factory  lubricant  has  been  developed,  but  graphite- 
oil  mixtures  have  given  reasonable  service.  The 
newer  tungsten  sulphide  lubricant  is  being  studied, 
and  shows  some  promise.  In  any  event,  finish 
grinding  and  electrochemical  or  electrical  dis¬ 
charge  machining,  can  be  used  with  an  ausfurmed 
tool  blank  as  readily  as  on  a  i  onventional  rough 
machined  and  heat  treated  tool. 

Thus  far  we  have  only  discussed  applications 
involving  simple  shapes  that  could  be  readily  rolled 
or  extruded.  However,  our  studies  have  not  been 
limited  to  these  and  Figure  20  shows  an  example  of 
a  backward  extrusion  of  a  D6A  alloy  piston  pin. 

In  this  case,  the  slug  was  placed  in  a  die  and  hit 
with  two  punches  simultaneously  to  produce  a  hol¬ 
low  cylinder  with  a  central  web.  The  fatigue  char* 
actertstics  of  these  pins  compared  with  conven¬ 
tional  cold  extruded  and  carburised  piston  pins 
were  similar  and  such  ausformed  pieti-n  pins  met 
all  the  engineering  requirements  for  ike  siss. 
produced  and  tested. 


The  yield  strength  of  the  austenite  of  H-li 
and  D6A  alloys  at  the  1000  F  deformation  tem¬ 
perature  has  been  shown  to  be  in  the  15,000  to 
^0,000  psi  range.  Consequently,  it  is  possible  to 
form  complex  shapes  although  the  strain  harden¬ 
ing  rate  is  high  and  the  loads  required  for  com¬ 
pletion  of  deformation  rise  rapidly.  Neverthe¬ 
less,  to  illustrate  feasibility  a  small  gear  shape 
was  produc^'d  by  ausform  techniques  in  the  D6A 
alloy  composition.  It  was  possible  to  produce  the 
solid  gear  shape  by  one  blow  from  a  right  circular 
cylinder  on  a  400-ton  MaxiPress.  When  the 
lower  center  hole  was  predrilled,  and  the  upper 
one  was  formed  by  a  moving  punch,  a  95%  die 
cavity  fill  was  reached.  The  ausformed  hardnet  s 
increase  was  lound  at  the  tooth  root  where  it 
would  be  most  beneficial  for  improved  fatigue  life. 
This  suggests  that  it  would  be  possible  to  start  the 
ausforming  operation  with  a  hot  forged  preform  to 
reduce  the  ausform  forging  loads  but  still  achieve 
the  ausforming  benefits  at  the  tooth  root  to  reduce 
fatigue  failures. 

SUMMARY 

Thermomechanical  treatment  of  alloy  steels, 
involving  the  deformation  of  austenite  prior  to 
quenching  to  martensite,  is  a  highly  effective 
means  for  achieving  ultra  high  hardness,  fatigue 
strength,  fracture  toughness  and  wear  resistance. 
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The  beet  properties  are  obtained  in  alloys  con¬ 
taining  balanced  compositions  of  carbon  content 
and  alloy  carbide  forming  elements  such  as  Mo, 
Cr,  V,  etc.  Dispersion  hardening  of  the  mar¬ 
tensite,  ap  a  consequence  of  strain-induced  alloy 
carbide  precipitation  during  the  deformation  of  the 
austenite,  appears  to  bo  a  key  feature  of  the  Aus¬ 
form  process.  A  clear  understanding  of  the 
process  variables  which  influence  the  ausform 
process  and  a  basis  for  design  of  optimum  alley 
compositions  to  meet  desired  properties  are  now 
in  hand.  Numerous  application  studies,  some  of 
which  are  approaching  a  full  production  state, 
have  indicated  that  both  improved  technical  per¬ 
formance  and  economic  advantages  can  be  derived 
from  the  appropriate  utilization  of  aueformed 
steels. 
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ADDITI/E  STRENGTHENING  MECHANISMS  AND  THE  STRUCTURE  OF  STEEL 

bv 

Professor  J.  Nutting* 


The  basic  mechanisms  by  which  the  strength  of 
metals  may  be  raised  are  now  very  well  understood. 
The  mechanisms  which  are  of  practical  importance 
=>re  all  derived  from  the  argument  that  the  strength 
of  a  metal  will  be  increased  if  obstacles  to  disloca> 
tion  movement  through  the  lattice  are  incorporated 
within  the  structure.  Although  it  is  possible  to  con¬ 
ceive  of  strengthening  mechanisms  which  would 
rely  upon  reducing  t'xe  number  of  dislocations, 
such  materials  would  be  structurally  unstable,  and 
therefore,  unlikely  to  be  of  practical  use.  Conse¬ 
quently,  no  further  attention  will  be  paid  here  to 
strengthening  mechanisms  of  this  type. 

The  obstacles  to  dislocation  movement  may  be 
solute  atoms  in  the  lattice,  other  dislocations,  dis¬ 
persed  phases  auJ  grain  boundaries,  and  well 
established  methods  have  been  devised  for  introduc¬ 
ing  these  var’*' dislocation  obstacles.  In  order 
to  investigate  the  basic  hardening  mechanisms  for 
each  type  of  obstacles,  research  has  followed  the 
classical  lines  of  identifying  the  variables  and  then 
attempting  to  vary  one  whilst  keeping  the  others 
constant.  As  a  result,  we  know  much  about  each 
of  these  mechanisms.  In  the  case  of  steels,  all 
these  mechan'sms  have  been  briefly  reviewed  by 

Kelly  and  Nuttmg<*)**,  whilst  there  are  numerous 
reviews  dealing  with  individual  hardening  mech¬ 
anisms  as  applied  to  a  variety  of  alloy  systems, 
g.  ,  Kelly  and  Nicholevn(^)  ■  dispersion  harden- 
mg,  and  Fleischer  and  Hibbard(*)  on  solid-solution 
hardening. 

In  f^cent  years,  there  has  been  a  growing 
awareness  that  in  order  to  obtain  very  high 
Strengths  in  metals,  no  single  hardening  mechanism 
wtjuld  be  sufficiently  effective ,  but  combinations 
would  be  requited.  But  what  combinations  are  to 
be  usedt  As  is  stiU  ihe  case  with  most  trs^tallur- 
gicat  developments,  u  is  the  ernp  rical  and  almost 
intuitive  app-oacli  of  metallurgist-'  that  has  been 
successful  In  achieving  suitable  combinatioas.  The 
cold  drawing  of  patented  Bte<«l  wire,  and  more  re¬ 
cently  the  ausforming  operation,  have  all  been 
develojied  as  a  means  of  producing  high  atrengths, 
whilst  the  arguments  for  (he  underlying  causes  are 
sltil  ewercislim  more  acndemic  metallurgiets. 
However,  what  le  certain  is  that  there  is  more  than 
one  conventional  hardening  mechaniam  playing  a 
Significant  role  in  each  of  these  cases. 

The  four  basic  hardening  mechanisms  associa¬ 
ted  with  dlstccatio.'-dietwcalioo,  dislocation-solute, 
dislocation-dispersed  i.'hase,  and  dielccation-grain 
boundary  interactions,  m*y  be  combined  in  eia  dif¬ 
ferent  ways  tailing  two  mechanisms  at  a  time,  and 
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in  four  different  ways  with  three  mechanisms 
operating,  whilst  there  is  the  possibility  of  making 
all  four  operate  simultaneously.  Thus ,  eleven 
cases  of  addit,.e  hardening  could  be  considered. 

A  brief  discussio:.  will  be  given  of  these  various 
cases  in  relation  to  iron  and  steel.  The  structure  of 
high-strength  steels  produced  by  cold  drawing,  by 
quenching  to  give  martensite,  by  tempering  secondary 
hardening  steels,  and  by  ausforming  will  then  be  dis¬ 
cussed  in  relation  to  the  additive  effects  of  the  vari¬ 
ous  operative  hardening  mechanisms. 

1.  The  Interaction  of  Two  Hardening 
Mechanisms 

(a)  Solid -Solution  and  Crain-Boundary  Hardening 

Petch^^^  and  co-workers  have  shown  that  the 
lower  yield  point  in  ar>iron  is  related  to  the  grain 
sixe  by  an  expression  of  the  type; 

®LYP  ®  *o  *  *'(4) 

L/F  “  yield  stress 

9^  *  frictional  strese,  i  e.  ,  the  stress  re¬ 
quired  to  make  a  di Allocation  move 
thre  gh  the  lattice 

k  »  constant 
0  grain  diameter. 

If  alloying  elements  arc  added  toe-iron  equa¬ 
tion  (1)  is  siiU  obeyed,  but  the  value  of  the  frictional 
strese  IS  raised  {see  Section  1(c)].  The  value  of  k 
IS  usually  raised  (or  substitutional  elements,  unless 
there  is  an  interaction  between  substitutional  and 
interstitial  elements,  when  k  may  be  towered.  An 
example  of  this!*)  ‘a  the  effect  of  manganeee  which 
interacts  with  nMrogen,  so  lowering  k. 

In  general,  the  changes  of  Sq  h  are  mo're 
marked  with  eolutea  which  form  interstitial  solid 
solution  than  with  those  which  form  substitutional 
solid  solutiona.  As  an  example  of  thia,  Codd  and 
Pctch(^)  showed  that  (he  value  for  k  was  increased 
by  a  factor  of  1.  i  when  boron  additions  were  made 
to  *-1(00.  However,  with  the  limited  solubility  <-.( 
boron  II.  iron,  (his  clci'ient  would  not  appesr  to  pro¬ 
vide  a  very  suitable  means  of  achieving  strengths 
in  fine-f  r  ined  iron. 

(b)  Work  Hardening  and  Craia  Boundary  Hardsning 

The  How  atreaa  of  »-iron  is  related  to  the  dialo- 
cation  densily^^*^^  by  an  exprceaion  of  the  type; 


op  =  ffo'  + 
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(2) 


where  s  flow  stress 

s  frictional  stress 
k'  =  constant 

2  s  average  dislocation  density. 


If  the  grain  size  of  the  iron  can  be  varied,  inde¬ 
pendently  of  changes  in  the  dislocation  density, 
then  it  should  be  possible  to  add  equations  (1)  and 
(2)  to  give  the  expression: 


9^  =  9o  +  9o 


-(i) 


^  k*  i 


(3) 


Armstrong,  Codd,  Douthwaite  and  Petch^^)  have 
attempted  to  verify  this  equation.  They  prepared 
irons  of  differing  grain  sizes  by  slight  variation  in 
the  cooling  from  tne  austenitic  range.  They  then 
deformed  the  specimens  by  constant  amounts,  and 
re-determined  the  grain-size  dependence  of  the 
flow  stress.  If  it  is  assumed  that  the  dislocation 
density  is  a  function  only  of  the  cold  work,  and 
not  of  the  initial  grain  ir>iize,  then  their  results 
showed  that  for  differing  amounts  cf  cold  work  in 
excess  of  the  yield  stiuin,  the  value  of  k  in  equa¬ 
tion  (3)  remained  constant.  Their  results  are 
shown  in  Figure  1 . 


FIGURE  1.  DEPENDENCE  OF  THE  FLOW  :»TRESS 
OF  IRON  UPON  THE  GRAIN  SIZE  ArTER  DIF- 
i  ERFNT  AMOUNTS  OF  PLASTIC  DEfORMA  .  ION 

U  can  be  argued  that  there  are  limits  to  the  ap- 
plir:i^iJity  of  equation  (3).  Under  normal  condi¬ 
tions,  cti  ilocalion  densities  greater  than  —10*  *  are 
difficult  to  obtain  as  are  grain  sizes  of  or  less, 
thus  we  might  expect  equation  (  })  to  hold  up  these 
limits.  However,  the  dislocation  density  produced 
by  cold  work  is  limited  by  the  formation  of  dis- 
'ocation  tangles  outlining  subgrains  oi  — 1«  m  diam¬ 
eter.  Therefore,  if  the  grain  si*e  is  reduced  below 


this  dislocation  tangle  s-ibgrain  size,  we  might 
expect  a  differing  hardening  regime  to  take  over. 

The  change  in  dislocation  density  and  distribution 
as  a  function  of  strain  in  very  fine-grained  ma¬ 
terials  has  yet  to  be  determined,  but  if  subgrains 
are  hindered  from  forming  and  the  dislocations 
simply  pass  from  one  boundary  to  the  other,  the 
hardening  would  be  controlled  by  the  stress  re¬ 
quired  to  activate  the  dislocations.  As  there 
would  be  no  work  hardening,  the  flow  stress 
would  vary  inversely  as  the  length  of  the  disloca¬ 
tion  sources  (approximately  the  grain  diameter). 

As  a  result,  the  hardness  would  vary  inversely 
as  the  grain  diameter. 

(c)  Solid  Solution  and  Werk  Hardening 

Pure  iron  single  crystals  have  a  yield  stress 
of  0.006  X  10^  psi,  and  by  solid -solution  hardening 
this  yielu  stresi  may  be  raisea  to  0. 1  x  10^  psi, 
that  is  the  strength  may  be  raised  from— G/2000  to 
— G/ICJ.  In  the  case  cf  fee  metals,  it  is  known 
that  elements  which  go  into  solid  solution  and  lower 
the  stacking  fault  energy  give  rise  to  alloys  which 
work  harden  more  strongly  than  the  pure  metals, 
Thia  effect  is  very  marked  with  richly  alloyed  aus¬ 
tenitic  steels,  where  the  hardening  increment  is 
associated  not  only  with  the  effects  of  the  solutes 
on  the  frictional  stress,  but  also  on  the  effecte  of 
the  changes  in  stacking  fault  energy  upon  the  types 
of  dislocation  distribution  established  as  the  dis¬ 
location  density  is  increased  by  cold  work. 

With  bcc  iron,  stacking  faults  of  the  type  found 
in  fee  metals  do  not  exist,  but  experiments  have 
shown  that  the  addition  of  suitable  solutes  may  bring 
about  changes  in  dislocation  distribution  on  cold 
working  which  are  the  equivalent  of  those  found  in 
fee  metals  when  the  stacking  fault  energy  is  lowered. 
But  little  detailed  work  has  been  carried  out  on  the 
hardening  increments  to  be  expected  Irom  different 
solute  additions  to  deformed  or-iron. 

The  effect  of  interetitial  alloy  addttione  to  o. 
iron  IS  very  marked.  Both  carbon  and  nitrogen 
greatly  raise  the  flow  stress.  In  annealed  iron  of 
low  dielocation  density,  the  flow  atresa  ia  raised 
by  4,  S  pel  for  each  0.01  atom  per  cent  increase  in 
nickel, OC  11)  whereas  for  carbon  or  nitrogen,  the 
tnereaee  in  flow  atrras  is  1200-1500  pai  for  each 
0.  01  atom  per  cent  increase,!*^*  *  If  carbon  or 
nitrogen  soUd  eolutions  of  v-iron  are  cold  worked, 
:h«M  the  evidrnee  availabio  euggeats  that  a  high 
and  uniform  dialocnttrn  density  te  obtained  without 
the  formation  of  aubgraina.  These  changee  should 
be  *«socia*ed  with  a  high  work -harden!  eg  exponent. 

(d)  Diepereion  and  Cratn-Bo’andary  Hardening 

There  have  been  no  serious  atteinple  to  deter¬ 
mine  the  effect*  of  changes  ti  grain  sie.e  upon  the 
maximum  hardnes*  that  could  be  achirwed  in  a 
diepereion-hardr  ned  syetem.  It  eeeirc  unlikely  that 
there  will  be  a  simple  *  iditive  effect  ar  in  equa¬ 
tion  (3)  because  gram  bu>aidaries  will  influence 
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locally  the  formation  of  precipitates.  Thus,  if  soft, 
precipitate-free  regions  are  produced  adjacent  to 
the  boundaries,  the  total  volume  of  such  regions 
will  become  greater  as  the  grain  size  becomes 
smaller.  It  could  be  argued,  therefore,  that  in 
practice,  it  might  be  better  to  keep  the  grain  size 
large  where  dispersion  hardening— brought  about  by 
the  decomposition  of  a  supersaturated  solution— is 
the  major  hardening  mechanism.  There  is  some 
evidence  to  support  this  view  from  the  work  of 
Smith  and  Nutting(^^)  on  the  morphological  and 
property  changes  occurring  during  the  tempering 
of  secondary  hardening  steels. 

There  are,  however,  other  possibilities  wor¬ 
thy  of  consideration.  Dispersed  phases  may  be 
present  at  grain  boundaries,  in  which  case  they 
frequently  tend  to  interfere  with  grain  growth.  It 
also  seems  likely  that  they  will  raise  the  value  of 
k  in  equation  (1).  But  this  has  still  to  be  deter¬ 
mined  by  experiment. 

(e)  Precipitation  and  Solid -Solutior.  Hardening 

Under  the  action  of  a  stress,  dislocations  will 
pass  through  small  coherent  precipitates.  The  ef¬ 
fect  of  the  precipitates  in  raising  the  yield  stress 
may  be  looked  upon,  therefore,  simply  as  an  extra 
frictional  stress  upon  the  dislocations.  If  solute 
elements  a^e  also  present,  they  will  also  exert  a 
frictional  force  on  the  dislocations.  Consequently, 
we  may  e-  pect  sim^^le  additive  effects  from  the 
addition  of  further  solutes  to  alloys  containing  co¬ 
herent  precipitates.  There  are,  however,  usually 
practical  limitations  to  the  extent  to  which  the 
solute  content  can  be  increased  without  greatly 
modifying  the  nature  of  the  precipitated  phases. 

W‘'.en  dispersed  phases  lose  coherency,  iht 
dislocations  may  no  longer  be  able  to  pass  through 
them.  Plastic  strain  is  now  accommodated  in  the 
allo>  by  the  disl<)cations  overcoming  the  obstaclva 
by  a  bowing  mech^niam  of  the  Orowan  type.  The 
•tress  required  to  bring  about  bowing  depends 
chieflv  upon  the  inter-particle  spacing,  consequent¬ 
ly  change*  in  the  frictional  stress,  by  solute  addi- 
t  ons,  would  be  e.;pected  to  have  little  effect  on 
ihe  overall  hardness. 

There  are  other  possibilities  to  be  considered. 
It  may  be  that  in  some  cases,  the  precipitate  bar¬ 
riers  to  dielocatlou  movemsnt  arc  overcome  by 
cross  slip.  In  this  case,  allf*ying  to  produce  an 
equivalent  'o  a  lowering  of  the  stacking  fault  energy, 
would  prevent  cross  slip  from  occurring  readily 
and  thus  raise  the  flow  stress. 

It  is  to  be  expected,  therefore,  that  the  harden¬ 
ing  iniremente  will  be  more  marked  in  rich  alloys 
.vt  sit  -ated  ttmperatures  dian  at  tow  temperatures. 

(0  Wo‘k  Hardening  and  Precipitation  Hardening 

The  work  hardening  oi  precipitation-hardened 
alloys  has  been  extensively  discussed  by  Kelly  and 
Nicholaon.(^)  They  point  out  that  where  dispe.'eed 


phase*  are  coherent,  then  the  work-hardening 
characteristics  are  very  similar  to  those  of  pure 
metals.  However,  when  the  dispersed  phases  are 
incoherent,  the  rate  of  work  hardening  is  usually 
very  much  greater  than  with  pure  metals. 

This  rapid  rate  of  work  hardening  is  partly 
accounted  for  by  the  dislocation  distribution  being 
modified  by  the  precipitates,  in  such  a  way  that 
high  and  uniform  dislocation  distributions  are 
found  at  very  low  strains.  In  an  Al-4%Cu  alloy 
aged  to  give  the  O'  phase,  the  dislocation  density 
increases  from  -  '  ^  to  10^0  as  the  strain  is  in¬ 
creased  to  I  pei  cent.  The  precipitates  may  also 
act  as  dislocation  sources,  thus  the  nature  of  the 
interface  between  th**  dispersed  phase  and  the 
matrix  will  influence  the  response  of  the  alloy  to 
cold  work. 

The  above  considerations  ^pply  to  alloys  de¬ 
formed  plastically  up  to  10  per  cent.  Other  in¬ 
teresting  effects  can  occur  ,-'hen  much  larger 
strains  are  introduced.  Although  little  is  known 
about  the  detailed  mechanism  of  high-strain  defor¬ 
mation,  metallographic  examination  shows  that 
the  parameters  of  a  dispersion  can  be  changed  by 
working.  Thus,  spherical  particles  may  be  elon¬ 
gated  and  the  spacing  between  particles  may  be 
changed.  It  is  possible  for  a  coarse  dispersion  to 
be  changec  into  a  sufficiently  fine  one  for  appre¬ 
ciable  hardening  to  be  introduced.  If  this  deforma¬ 
tion  is  carrieo  out  at  low  temperatures,  then  there 
may  be  a  further  increment  of  hardening  from  the 
increased  density  of  dislocations. 

A  further  possibil.ty  is  that  plastic  deforma¬ 
tion  may  induce  precipitation,  since  dislocations 
are  very  favourable  sites  for  precipitate  nuclea- 
tion.  In  these  instances,  the  dislocations  may  not 
only  be  locked  by  the  precipitates  forming  oa  them, 
but  the  precipitates  will  also  act  as  further  bar¬ 
riers  to  subsequent  dislocation  movement. 

11.  The  Interaction  of  Three  Hardening 
Mechanisms 

(a)  Solid-Solution,  Crsin-Boundary  a nd  Work 

Hardening 

An  experimental  approach  to  this  problem  has 
been  auem(>led  by  Armi  '.rong,  et  al.*^'  IJ'ing  the 
technique  outlined  in  i(b),  they  in  stigateJ  the  ef¬ 
fect  of  different  aolutea  upon  the  gram  site  depen- 
dence  of  the  flow  atreaa  after  differing  amounts  of 
ccld  work.  In  the  case  of  iron,  they  found  that  the 
effect  of  carbon  waa  to  raise  the  values  of  3^  and  k. 

It  was  alao  found  that  the  values  of  and  k  war* 
raiaed  by  the  addition  of  Zn  to  Cu  to  give  a  70/ )0 
brass,  and  in  both  caaea  the  value  ol  k  did  not 
vary  aa  the  prior  strain  waa  increased  It  would 
appear  that  k  will  be  raised  rapid! by  aolutea 
which  lower  the  sucking  fault  energy,  and  as  the 
dislocation  density  will  also  build  up  rapidly  with 
the  alloys  of  tow  icking  fault  energy,  .1  follows 
that  high  strengtha  could  be  achieved  in  cold-worked, 
iine-gruined,  low- stacking- fault  energy  alloys. 
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(b)  Solid -Solution,  Piaperaed-Phase,  and 

Grain-Boundary  Hardening 

As  pointed  out  in  Section  1(d),  there  would 
seem  to  be  little  advantage  to  be  gained  from  the 
point  of  view  of  increasing  the  yield  strength  by 
keeping  the  grain  size  small  of  a  dispersed-phase 
hardened  alloy.  But  a  further  hardening  increment 
is  to  be  expected  from  the  addition  of  solid- solution 
forming  solutes.  Special  cases  arise,  however, 
when  the  addition  of  other  solutes  may  intlucnce 
the  width  of  a  precipitate-free  zone  at  grain  boun¬ 
daries,  For  example,  the  addition  of  silver  on  an 
aluminum -magnesiuitn-zinc  alloy  decreases  the 
width  of  the  precipitate-free  zone  and  increases 
the  strength. 

(c)  Dispersed-Phase,  Grain-Boundary,  and 

Work  Hardening 

As  pointed  out  in  Section  1(f),  large  increases 
in  strength  can  be  achieved  by  cold  working  suita¬ 
ble  dispersed-phase  alloys,  and  there  would  seem 
to  be  little  further  advantage  to  be  gained  by  keep¬ 
ing  the  grain  size  small.  The  strongest  dislocation 
barriers  are  the  precipitate  particles,  whilst  the 
precipitates,  through  the  nature  of  their  interface 
with  the  matrix,  govern  the  dislocation  distribu¬ 
tion.  The  grain  boundaries  would  seem  to  exert 
little  influence  on  the  flow  stress  under  these  con¬ 
ditions. 

(d)  Solid-Solution,  Dispersed -Phase  and 

Work  Hardening 

The  addition  of  alloying  elements  which  go  into 
solid  solution  in  the  matrix  would  appear  to  be  an 
effective  method  of  increasing  still  further  the 
strength  of  work-hardened  dispersed-phase  alloys. 
Although  the  precipitates  to  some  extent  govern  the 
type  of  dislocation  distribution  established  after 
cold  work,  further  control  may  be  exerted  by  solu¬ 
tes  which  lower  the  stacking  fault  energy.  For 
example,  age-hardened  copper-beryllium  alloys 
with  a  low  stacking-fault  energy  matrix  work  har¬ 
den  more  than  precipitation-hardened  aluminum 
alloy s,  where  the  stacking  fault  energy  of  the 
matrix  is  high. 

Ill,  i.ic  Inte. •action  of  Four  Hardening 
Mechanisms 


The  most  effective  combination  of  three  harden¬ 
ing  mechanisms  are  probably  sol  id -solution, 
dispersed-phase,  and  work  hardening.  It  seould 
appear  that  changes  in  the  grain  size  would  have 
little  effect  on  the  strength  of  an  alloy  hardened  by 
these  mechanisms.  However,  from  a  practical 
point  of  view,  a  high  si  rength  is  seldom  the  only 
requirement*  A  high  strength  must  be  coupled 
with  adequate  ductility.  The  evidence  that  is 
available  suggests  that  with  strengthened  poly- 
crystalline  alloys,  the  ductility  increases  as  the 
grain  sisc  is  decreased;  therefore,  there  would 
seem  to  be  an  advantage  in  keeping  the  grain  size 
small.  U  in  keeping  the  grain  sire  small,  the  for¬ 


mation  of  precipitate -free  regions  adjacent  to  the 
boundary  can  be  avoided,  then  a  small  increment 
in  hardness  is  to  be  expected  together  with  the 
improved  ductility. 

From  these  considerations,  it  is  possible  to 
specify  the  structural  requirement  of  a  very 
strong  alloy  as  follows.  It  should  have  a  grain 
size  less  than  KH*.  It  should  have  a  dispersed 
phase  tiiat  is  semi-coherent  or  about  to  become 
noncoherent.  The  volume  fraction  of  the  disper¬ 
sed  phase  should  be  large.  The  dispersed  phase 
should  be  uniformly  d.stributed  through  the  grains 
with  no  precipitate-free  regions  adjac  nt  to  the 
boundary.  The  spacing  of  the  particles  should  be 
between  100-400  A.  The  matrix  should  be  rich 
in  solute  elements,  particularly  those  which  would 
have  the  effect,  or  its  equivalent,  of  lowering  the 
stacking -fault  ener^.  The  dislocation  density 
should  be  high  (10^^  -  10^^  and  the  dis¬ 

locations  should  be  uniformly  distributed  and  not 
in  subgrain  tangles. 

IV.  Some  Examples  of  Additive  Harden¬ 
ing  in  Steel 

(a)  Hard-Drawn  Steel  Wire 

The  flow  stress  of  patented  steel  wiie  may  be 
increased  to  0. 4  x  10^  psi  (G/30)  by  a  suitable  draw¬ 
ing  operation.  Electron  metallographic  examination 
of  thin  foils  from  such  specimens  shows  that  the 
effect  of  drawing  is  to  reduce  the  spacing  of  the 
pearlite  from  about  500  A  to  100  A  (see  Figure  2). 
With  such  a  small  spacing  dispersion  hardening 
becomes  an  important  riardening  mechanism.  But 
the  hardening  may  be  enhanced  further  by  the  fact 
that  the  aspect  ratio  of  the  cementite  is  increased 
by  the  drawing  so  that  the  structure  may  almost 
be  looked  upon  as  that  of  a  fiber -re  info  reed  ma¬ 
terial.  Coupled  with  .the  changes  in  the  dispersion 
parameters,  the  effect  of  cold  drawing  is  tb  in¬ 
crease  the  dislocation  density.  Some  evidence  oi 
short  lengths  of  dislocations  between  the  cementite 
particles  can  be  seen  in  Figure  2.  It  appears  thaii 
this  material  corresponds  to  Case  1(0  outlined 
above.  There  are  some  elements  in  solid  solw-- 
tion  in  the  steel  which  might  give  a  slight  lM«.rden- 
ing  increment  and  make  the  ntaterial  conform  to 
Case  11(d).  But  it  should  he  possible  to  add  stilt 
other  solute  elemeote  so  to  raise  the  strength  of 
the  steel  still  further. 

(b)  High-Carbon  Steel  Martenettes 

There  has  been  much  disrueeion  as  bo  the  res- 
eone  for  the  high  strengths  of  the  fine  inuemally 
twinned  high-carbon  steel  marteneitev.  Meet 
authors  now  accept  the  view  that  more  thtsn  one 
hardening  mechaniem  must  be  operating  ,  znd  the 
factors  that  have  to  be  considered  arc: 

(I)  solid -solution  hardening  from  the 
interstitial  carbon, 


FIGURE  2.  Tl(rm-TOliffRXfii^SsibNELEC. 
TRON  MICROGRAPH  FROM  HARD-DRAWN 
PATENTED  STEEL.  WIRE  SHOWING  FINE 
LAMELLAR  STRUCTURE 

X60,000,  Reduced  approximately  21 
percent  in  printing. 

(2)  The  eubetructure  oi  the  martensite. 
Internal  twins  may  act  as  dislocation 
barriers  in  the  same  way  as  grain 
boundaries* 

(3)  work  hardening  usually  from  the  high 
dislocation  density  generated  during  the 
shear  transformation. 

Winchell  and  Cohen(^^)  have  obtained  much 
evidence  to  show  the  importance  of  solid-solution 
hardening.  Their  results  for  a  range  of  iron  and 
iron-nickel  martensites  are  given  in  Figure  3. 


FIGURE  3.  VARIATION  OF  HARDNESS  WITH 
CARBON  CONTENT  FOR  A  RANGE  OF  MAR¬ 
TENSITES  IN  IRON  AND  IRON-NICKEL  ALLOYS 
SHOWING  NEEDLE  LIKE  AND  TWINNED 
STRUCTURE 

The  unsatisfactory  aspect  of  ascribing  the 
whole  of  the  hardening  to  soiid-solution  effects, 
are  the  marked  changes  in  the  rate  of  hardening 
with  solute  concentration. 

This  has  led  Kelly  and  Nutting^^^J  to  stress 
the  importance  of  the  twin  interfaces  acting  in  al¬ 
most  the  same  way  as  grain  boundaries  to  give 
disloc.-tion  barriers.  Winchell  and  Cohen(‘^l 


have  adopted  a  somewhat  different  approach  to 
the  effects  of  substructure  and  they  have  assumed 
that  the  effect  of  the  twin  interfaces  is  to  limit 
the  length  of  dislocations.  They  have  shown  that 
it  is  possible  to  relate  the  flow  stress  of  marten¬ 
site  to  the  solute  content,  the  twin  interface  spac¬ 
ing,  and  the  dislocation  density  by  the  expression: 

ffj.  .9o +  (d) 

where  *  flow  stress 

^  Q  •  frictional  stress.  The  value  observed 
corresMnds  to  a  dislocation  density 
of~10^^  which  is  not  unreasonable 
from  metallographic  observations. 

h  s  twin  interface  spacing 
Xg  a  wt.  %  of  carbon  in  solid  solution. 

More  recent  research  by  Kelly(*®)  on  a  var¬ 
iety  of  plain  carbon  and  alloy  steel  martensites, 
has  shown  that  internally  twinned  structures  with 
high  interstitial  contents  are  relatively  soft  after 
quenching.  But  if  the  martensite  is  aged  at  room 
temperature,  the  hardness  rapidly  increases. 
However,  the  acicular  non-intemally  twinned 
martensites  are  not  so  susceptible  to  aging  treat¬ 
ments.  As  both  the  acicular  and  twinned  marten¬ 
sites  are  known  to  have  high  dislocation  densities, 
and  as  no  precipitates  can  be  observed  in  the 
twinned  and  aged  martensites,  it  could  be  con¬ 
cluded  that  the  aging  reaction  is  not  associated 
with  conventional  dislocation  locking  or  precipita¬ 
tion  hardening  mechanisms.  One  remaining  pos¬ 
sibility  is  the  strengthening  of  the  twin  interfaces 
as  a  result  of  carbon  segregation  to  make  them 
take  on  the  characteristics  of  gram  boundaries. 

If  this  were  the  case,  it  would  appear  that  the 
structure  of  twinned  martensite  is  very  similar 
to  that  of  hard-drawn  steel  wire.  In  both  cases, 
they  have  a  ladder-like  structure  with  the  twin 
interfaces  or  cementite-ferrite  interfaces  form¬ 
ing  the  uprights  whilst  dislocations  form  the 
rungs. 

A  better  understanding  of  the  xinderlying 
reasons  for  the  hardness  of  martensite  is  likely 
to  come  from  a  thorough  study  of  the  mechanical 
properties  and  micro  structure  a  of  iron-nitrogen 
alloys.  A  start  has  been  made  on  the  electron 
metallog.'afi.  ic  study  of  iron-nitrogen  marten¬ 
sites  by  Cc';d.\19)  He  has  found  that  the  two 
types  of  martensite  reported  by  Kelly  and  Nut- 
tingt^^)  are  also  found  with  iron-nitrogen  alloys. 
An  example  of  the  duplex  structure  obtained  at 
intermediate  nitrogen  contents  is  shown  in 
Figure  4. 

(c)  Secondary  Hardening  of  Vanadium  Steels 

High  strengths  may  be  achieved  i-t  steels  by 
tempering  martensites  containing  stror  rbide- 
forming  elements.  Many  authors  have  painted 
out  the  sinnilarity  between  the  secondary  harden¬ 
ing  response  of  vanadium-containing  steels  and 
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the  age-hardening  reactions  found  in  aliiminum  al¬ 
loys,  and  there  have  been  numerous  electron 
metallographic  studies  using  extraction  replica 
techniques  which  have  tended  to  support  these  views. 
However,  more  recent  examination  of  the  secon¬ 
dary  hardening  phenomenon  by  Kelly(^^)  using  thin- 
foil  techniques  has  shown  that  the  chief  cause  of 
hardening  is  not  associated  with  Widmanstatten 
types  of  carbide  precipitation,  but  is  a  result  of 
carbides  forming  preferentially  on  dislocations. 

An  example  of  dislocation  nucleated  V4C3  is 
shown  in  Figure  5.  In  these  alloys,  the  dislocation 
density  is  very  high  as  a  result  of  forming  acicular 
martensite  during  quenching,  there  are,  therefore, 
many  favourable  sites  for  precipitate  nucleation. 

It  would  follow  from  this  that  factors  which  tended  to 
increase  still  further  the  dislocation  density  after 
the  quench  would  enhance  the  hardening  response. 


(d)  Augforming 

In  a  recent  investigation  of  the  metallography 
of  ausformed  steels,  Thomas,  £;  ;hmarz,  and 
Gerberichl^O)  have  found  that  during  deformation 
in  the  austenite  range,  precipitation  of  alloy  car¬ 
bides  occurs.  These  precipitates  influence  the 
subsequent  generation  of  dislocations  during  the 
working  operation,  and  as  pointed  out  by  Schaller 
and  Schmatz,(^^)  these  dislocations  may  be  in¬ 
herited  during  the  subsequent  martensite  trans¬ 
formation.  The  dislocation  density  may  be  in¬ 
creased  still  further  as  a  result  of  the  strains 
developed  during  the  martensitic  transformations. 
As  pointed  out  by  Thomas,  et  al.  because 


FIGURE  4.  THIN' FOIL  TRANSMISSION  ELEC¬ 
TRON  MICROGRAPH  FROM  AN 
IRON-0.2%  NITROGEN  MARTENSITE 
SHOWING  AN  internally  TWINNED 
MARTENSITE  PLATE  ADJACENT  TO 
NEEDLE  MARTENSITE 

XI 20, 000  Reduced  approximately  21 
p«  rcent  in  p-mting. 


much  of  the  carbon  will  be  removed  from  the  aus¬ 
tenite  by  precipitation  during  the  ausforming 
operation,  the  subsequent  martensitic  transforma¬ 
tion  is  likely  to  give  rise  to  the  acicular  marten¬ 
site  rather  than  twinned  martensite.  If  sufficient 
unprecipitated  alloying  elements  are  still  pres¬ 
ent,  then  a  further  increase  in  strength  may  be 
obtained  by  tempering  to  give  prei  imitation  on  the 
newly  formed  transformation  dislocations. 

The  high  strength  of  ausformed  steels  is  seen, 
therefore,  to  be  a  consequence  of  the  additive  ef¬ 
fects  of  four  hardening  mechanisms— a  fine  grain 
size  from  the  martensite,  a  dispersion  of  alloy  car¬ 
bides  produced  during  ausforming  and  tempering, 
the  distribution  of  which  is  controlled  by  the  dis¬ 
location  distribution,  a  high  dislocation  density 
generated  by  working  and  by  the  shear  transforma¬ 
tion,  and  a  small  component  from  the  solute  ele¬ 
ments  in  substitutional  solid  solution.  It  is  prob¬ 
able  that  the  interstitial  carbon  will  have  been 
precipitated  as  carbides,  and  it  may  be  that  if 
nitrogen  could  be  added  without  afiecting  the  mode 
of  shear  transformation,  the  strength  of  ausformed 
steels  could  be  increased  still  further. 
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APPENDIX  A 


PROGRAM  FOR  TRIPARTITE  TECHNICAL  COOPERATION  PROGRAM 

Sympoiium  on  Problem*  in  the  Load-Carrying  Applioticn  of  High-Strengf.h  Steel* 

October  26,  27,  and  28,  1964 

General  Services  Administration  Auditorium 
18th  and  F  Streets,  Washington,  D.  C. 


Registration:  8:30-9  30  a. m.  ,  Monday,  October  26,  1964 

SESSION  I  Monday,  October  26,  1964,  9:30  a.rn.  to  12:30  p,m. 

Chairman:  G.  C.  Deutsch,  National  Aeroimutics  and  Space 
Administration,  Washington,  D.  C. 

Manager;  H.  Markus,  Frankford  Arsenal,  Philadelphia,  Pennsylvania 

This  session  consists  of  papers  on  the  broad  subject  of  high»strength  steels,  to  *eflect  the  present 
state  of  the  art,  and  on  potential  applications  for  these  steels,  including  the  design- mate  rial  interplay. 

9:30  Welcon\e  and  Introdi- ctory  Remarks  -  S.  L.  Gertsman,  Department  of 
Min>^s  and  Technical  Survey,  Ottawa,  Canada 

9:30  Welcome  and  Explanatory  Remarks  on  TTCP  -  M.  Murray,  U.  S. 

Washington  Deputy  for  TTCP 

9:30  Philosophy  and  Operation  of  Conference  -  N.  E.  Promisel,  Department 
of  the  Navy,  Bureau  of  Naval  Weapons,  Washington,  D.  C. 

9:50  High-Strength  Steel  Perspectives  -  A.  M  Hall,  Battelle  Memorial 
Institute,  Coiumbus,  Ohio 

10:45  Intermission 

11:15  Military  Applications  and  Property  Requirements  -  P.  L.  Hendricks, 

H,  W.  Zoeiler,  and  I.  Perlmutter,  USAF,  Air  Force  Materials 
Laboratory,  Wright- Patterson  Air  Force  Bass,  Ohio;  J.  1.  Bluhm, 

Army  Materials  Research  Agency,  Watertown,  Massachusetts; 

Yoder,  G.  M.  ,  Bureau  of  Naval  Weapons,  Materials  Branch, 

Washington,  D.  C. 

i~:00  Design  Parameters  in  Materials  Selection  -  C.  Gerard,  ARA  Division, 

Allied  Research  Associates,  Inc.,  Concord,  Massachusetts 

1.1:30  Adjournment 
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'.Chairman:  D.  K.  Hanink,  General  Motors  Corporation,  Indianapolis,  Indiana 

Manager:  P.  L.  Hendricks,  USAF,  Air  Force  Materials  Laboratory, 

Wright -Patterson  Air  Force  Bare,  Ohio 

Tins  sessioi^  deals  with  production  and  fabrication,  with  emphasis  on  the  effects  on,  and  the 
subsequent  -oropernes  of,  the  resulting  fabricated  products.  It  includes,  therefore,  primary  and 
ssconiarv  ianricat;  >n. 
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Effect  of  Primary  Processing  on  Ultrahigh- Strength  Steels  • 

J.  C.  Hamaker,  Vanadium- Alloys  Steel  Company,  Latrobe,  Pennsylvania 
Joining  of  High-Strength  Steels  -  W.  F.  Savage,  Rensselaer  Polytechnic 
Institute,  Troy,  New  York 
Inte  rmission 

Secondary  Forming  Processes  and  Their  Effects  on  Resulting  Products  - 
W.  W.  Wooil,  Vought  Aeronautics  Divis.on,  Ling- Temco-V ought,  Inc., 
DalUs,  Texas 
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Tuesday,  October  27,  1964,  00  a.m.  to  12:00 

Chairman:  P.  Brittain,  Hawker-Siddeley  Aircraft,  Ltd.  ,  United  Kingdom 
Manager:  L.  Wortley,  Department  of  Materials  Research,  London,  England 

This  session  deals  with  tbo  very  critical  topic  of  corrosion  sensitivity  of  high-strength  steels, 
protection  against  corrosion,  and  the  effects  of  protection  techniques  on  the  steel  behavior. 


9:00  Corrosion  Protection  of  High-Strength  Steels  -  S.  Goldberg, 

Bureau  of  Naval  Weapons,  E>epartment  of  the  Navy,  Washington,  D.  C. 

9:45  Stress- Corrosion  Cracking  and  Corrosion  Fatigue  of  High-Strength 

Steels  -  B.  F.  Brown,  U.  S.  Naval  Research  Laboratory,  Washington,  D.  C. 
lt-30  Intermission 

11:00  Protection  Against  Corrosion,  Hydrogen  Embrittlement  -  H.  G.  Cole, 

Ministry  of  Aviation,  London,  England 
12:00  Adjournment 


SESSION  rv  Tuesday,  October  27,  1964,  2:00  to  5:00  p.m. 

Chairman:  A.  W.  Bethune,  De  Havilland  Aircraft  of  Canada,  Ltd.,  Downsview, 
Ontario,  Canada 

Manager:  C.  Cottee,  Army  Equipment  Engineering  Establishment,  Ottawa,  Canada 

This  session  is  devoted  to  mechanical  behavior  characteristics  of  design  significance. 

2:00  The  NotcN  Toughness  of  Ultrahigh-Strength  Steels  in  Relation  to 

Design  Considerations  -  R.C.A.  Thurston,  Department  of  Mines 
and  Techi.ical  Surveys,  Ottawa,  Canada 

2:30  Factors  Affect-ng  the  Fracture  of  High-Strength  Steels  -  C.  L.M.  Cottrell, 

Bristol  Aerojet,  Limited,  Bai^well,  Weston-Super-Mare,  Somerset,  England 
3:00  Discussion  on  Previous  Topics 
3:45  Intermission 

4:15  A  Survey  of  the  FatigvW  Aspects  in  the  Application  of  Ultrahigh-Strength 
Steels  -  S.  R.  Swancon,  The  De  Havilland  Aircraft  of  Canada  Limited, 
Malton,  Ontario,  Canav^a  ' 

5:00  Adjournment 

SESSION  V  Wednesday,  October  28,  1964  ,  9:00  a.m.  12:00 

Chairman:  D.  J.  McPherson,  IIT  Research  In^^^'itute .  Chicago,  Illinois 
Manager:  M.  Achter,  U.  S.  Naval  Research  L\bo.->tory,  Washington,  D.  C. 

This  session  deals  with  high-strength  steels  by  technical  tyj/kss  so  as  to  ob;;t«n  an  integrated 
picture  of  their  behavior,  properties  and  processing  Uchniques;  anvd  discusses  atrengtnv.. ‘"v 
mechanisms  per  se. 


9:00 


9:40 

10:20 

10:45 

11:25 

12:00 


12:30 


The  Physical  Metallurgy  and  Properties  of  Maraging  Steels  - 
O*  C.  Pellissier,  United  States  Steel  Corporation,  Applied 
Laboratory,  Monroeville,  Pennsylvania 
The  PoUnUale  of  Quenched-and- Temps  red  High-Strength  Steels  - 
S,  W.  Hollingum,  Ministry  of  Defence,  Royal  Armament  Research 
and  Development  Ceublishment,  Fort  Halstead,  Sevenoaks,  Kent,  England 
Intermission 

Thermomechai  cal  Treatment  of  Steel  -  J.  J.  Harwood  and  R.  Clark, 

Ford  Motor  Company,  Dearborn,  Michigan 
Additive  Strengthoning  Mechanisms  and  the  Structure  of  Steel  - 

J.  Nutting,  Department  of  Metallurgy,  The  Moulds  worth  School  of 
Applied  Science,  The  University,  Leeds,  EngUad 
Summarisation  of  Highlights  of  Symposium  -  By  Croup  as  follows; 

Chairtr4«ti  -  N.  Mason,  Ministry  of  Aviation,  London,,  England 
H.  P.  Tardif,  Canadian  Armament  Research  and 

DeveYnnm»«<*  - Ouelwc  City,  Caiuic- 

Berman,  U.S.  Army  Materials  Research  Agency, 

Watertown  Arsenal,  Watertown,  hlassacLus«lu 

Mndricks,  USAF,  Air  Force  Materials  Laboratory .  Wrieht- 
Patterson  Air  Force  Base,  Ohio  * 

Fielding,  Hawker-Siddeley  AvUtton,  Ltd.,  Manchester.  England 
J.  Runck,DMlC.  Bsttclle  Memorial  Institute,  Columbus,  0^  o 


I. 


J. 

R. 


Adjournment  of  Symposium 


APPENDIX  B 


Temperature  Conversions 


The  general  arrangement  of  thla  table  waa  devised 
V  Sauveur  and  Boylston  more  than  40  years  ago.  The 
iddle  column  of  figures  (in  bold-faced  type)  contains 
:  c  reading  CP  or  ’C)  to  be  converted.  If  converting 


from  degrees  Fahrenheit  to  degrees  Centigrade,  read 
the  Centigrade  equivalent  in  the  column  headed  "C”.  If 
converting  from  Centigrade  to  Fahrenheit,  read  the 
rahreulicit  equivalent  in  the  column  headed  "F”. 


p 

C 

P 

c 

P 

-4fl 

-27223 

-348 

-1U.84 
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-454 
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-187.78 

-348.8 

-156 

-454 

-270  00 

-304 
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-345  3 
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-45X 
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-185.56 
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-45C 

-367  74 
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-ISO 
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266.67 

-244 

-1U.33 
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-lU 

-444 

-365  56 
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-330.0 

-IM 

-444 

-364.U 
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-442 

-363.33 
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-lU 
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-178.84 

-330.0 

-IM 

-4SS 
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-2U 

-177.78 
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-138 

-434 

-260.00 
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-176  67 

-313.8 

-Its 
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-284 
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-30S  2 

-134 

-4.^2 
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-174U 
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-ISO 

-42S 
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- 148  4 

-128 
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-254  44 

-216 
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-UM8 
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-253  33 

-457  8 

-S12 
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-420 
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-167  78 

-184  0 

-120 
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-110 

-414 
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-443  3 
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•173.3 

-116 

-412 

•348  67 

-4346 

-2a 

-163  33 

-1446 

-112 

-414 
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-•2M 
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-110 
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-163  4 

-148 
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-34333 

-438  8 

-256 

-160  00 

-1588 
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-444 
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-425  3 

-354 

-163  84 

-155  2 

-104 

-442 

-341. 11 

-431  6 

-253 

-157  78 

-151  6 

-108 

-444 

-240  00 

-418  0 

-354 
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-lUO 

-100 

-StI 

-338  81 

-414  4 

-SU 

-155  56 

-1U4 

-88 

-244 

-337  78 

-410  8 

-SU 

-154U 

-1U8 

-N 

-3M 

-338  67 

•407  3 

-344 

-U3S3 

-137  3 

-84 

-342 

-335  56 

-403  8 

-243 

-153  33 

-133  6 

-82 

-344 

-334  44 

-400  0 

-244 

-15)  11 

-130  0 

-80 

-3U 

-333  33 

-346  4 

-138 

-150  00 

-1364 

-88 

-344 

-332  33 

-3f.  8 

-138 

-1U44 

-1338 

-88 

-344 

-331  11 

-384  3 

-334 

-147  74 

-1143 

-84 

-sat 

-330  OC 

-345  6 

-331 

-1U87 

-1156 

-a 

-344 

-338  84 

-383  0 

-134 

-1U56 

-1130 

-00 

-314 

■  337  78 

374  4 

-lU 

-lU  44 

-1044 

-18 

-314 

-334  61 

374  8 

-114 

-143  11 

-1048 

-16 

-314 

-..25: 

-371  3 

-114 

-14.  ^2 

-101  3 

-14 

-311 

-334  4« 

-347  6 

-lit 

-141  11 

47  6 

-It 

-314 

-2?3  33 

'3M0 

-314 

-lUOO 

-44  0 

-14 

-344 

'4SS 

««««  4 

-ail 

-138*4 

-404 

•46 

-344 

'<31  11 

-156  6 

-114 

-1 J  1  19 

-344 

-r«vo« 

-353  3 

•314 

-ISO  47 

-83  3 

-M 

-341 

-318  44 

344  8 

-lit 

-135  84 

74  6 

-a 

-344 

-317  78 

3U  0 

-114 

-134  44 

-76  4 

-40 

-SU 

-314  47 

-343  4 

-lU 

-133  13 

-714 

-U 

-314 

-315  54 

-334  4 

-M4 

-133  33 

-U4 

-88 

-3M 

-314U 

-334  3 

-344 

-131  1) 

-«5  3 

-64 

-351 

-313  23 

331  4 

-8n 

-130  00 

-61  6 

-68 

-3M 

-312  33 

-338  0 

-too 

-138  84 

MO 

-60 

-SU 

-311  11 

-334  4 

-144 

-137  78 

-04  4 

-U 

-3U 

-31000 

-330  4 

-144 

-134  47 

-0C8 

-M 

-344 

-304  84 

-317  3 

-104 

-tl5M 

47  1 

-U 

-343 

-301 14 

•3134 

-in 

-134  U 

-U6 

-U 

-3U 

-304  41 

3100 

-140 

-133  33  j 

-uo 

-M 

-334 

-208  54 

-306  4 

-148 

-133  13 

364 

-334 

-3^-4  44 

-303  8 

-IttS 

-111  II 

-33  8 

-86 

-334 

-303  33 

3H3 

-144 

130  00 

-343 

-34 

-331 

-r'-  ~ : 

146  8 

-m 

-11848 

-346 

-a 

-334 

.  V'O !  -  . 

3410 

-144 

-111  78 

330 

-ao 

-334 

-300  04  ) 

-348  4 

-118 

'11667 

-184 

-88 

-334 

-1M44 

3444 

-116 

111  M 

14  8 

-114 

-iv;  14 

381  i 

-114 

-114  U 

-111 

-84 

-331 

-m4i  , 

-37*  6 

-til 

-IIS  S3 

78 

-81 

-334 

-18SM  i 

-r44 

-114 

-11133 

-40 

-80 

-313 

-IMU  ! 

-370  4 

-lU 

-IM  11 

-04 

-18 

-314 

-143  33  , 

-2M8 

-146 

-11004 

*3  1 

-It 

-314 

-143  23 

-343  3 

-IM 

'108  84 

*68 

-14 

-313 

-141  11 

-344  6 

-in 

-107  78  1 

•104 

-It 

-314 

-140  W 

-344  0 

-140 

-1M87  j 

•140 

-10 

C 

P 

c 

P 

C 

-105.56 

-(-17.6 

-8 

-33.33 

387  6 

142 

6'  11 

-104.M 

*31  3 

-8 

-31.11 

341  3 

144 

83  33 

-103  33 

-(^34  3 

-4 

-30.M 

344.8 

IM 

M33 

-102  33 

-  23  4 

-2 

-18  88 

348  4 

U6 

64  44 

-101.11 

-(^330 

±8 

-17  78 

3030 

ISO 

65  56 

-100  00 

-(-35  8 

+  2 

-16.67 

305.6 

152 

6667 

-08  84 

-(-382 

+4 

-15.56 

304.2 

154 

87  78 

-87  78 

-(^438 

*8 

-14.M 

3138 

IM 

U89 

-46  67 

-(-M4 

+8 

-13.33 

316.4 

lU 

70  00 

-45.56 

-(-50.0 

*14 

-13.33 

330  0 

IM 

71  11 

-44  M 

-(-53  6 

+  12 

-11  11 

sat 

in 

73  33 

-43  33 

->-57  3 

+  14 

-lOM 

337  3 

184 

73  33 

-43.33 

-(-60.8 

+  18 

-8  88 

3308 

IM 

74  44 

-41  11 

*644 

+  18 

-78 

334  4 

lU 

75  56 

-40.00 

-(-UO 

+20 

-6  67 

338  0 

lit 

78  67 

-63  84 

^116 

+M 

-5  56 

341  6 

lit 

77  78 

-87  78 

-(75  2 

+24 

-4  44 

345  3 

114 

7114 

-8667 

*78  8 

+28 

-3  33 

3Mt 

lit 

80  00 

-85  56 

*83  4 

+U 

-3  33 

3534 

118 

81  11 

-84  44 

*86  0 

+30 

-111 

356  0 

IM 

83  33 

-ass 

*88  6 

*M 

:tOM 

3546 

in 

an 

-83  33 

*43  3 

+  34 

*111 

'ua 

184 

MM 

-81  11 

-(^408 

*38 

+3  33 

3*6.8 

IM 

UM 

-80  00 

*1M4 

+M 

+S.SS 

370  4 

188 

M67 

-78U 

*104  0 

+U 

+4M 

374  0 

IN 

17  71 

-77.78 
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U 

5  58 

377  8 

in 

Ml* 

-76  87 

111  3 

44 

8  87 
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1*4 

80  00 

-7586 

1148 

M 

7  78 

384  8 

IM 

*1  11 

-74M 

1184 

U 

8  84 

3U4 

IN 

*3  32 

-13  33 

133  0 

M 

lOM 

343  0 

IN 

43U 

-73  33 
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U  ll 
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tu 

M44 
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134  3 
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3443 

tM 

*5  56 

-70  00 
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M 

13  33 
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IN 

M87 
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14M 
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IN 
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lUO 

00 
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4100 
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n 

1887 
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147  3 

64 

17  78 

417  2 

tl4 
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-64M 
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M 

1114 
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U 
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124  4 

111 
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14 

ass 
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no 
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It 
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MM 
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nt 
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MM 

453  3 

134 

117  32 

-63  33 

1M8 

M 

w 

i,*  •  • 

•«« 

nil] 

-63  33 

l(*^4 

u 

II II 

400  4 

tu 

11444 

-6i  11 

1444 

M 

12  33 

484  0 

lU 
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tu 

116  61 

-48  88 

841  3 

N 

t4M 

471  3 

tu 
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M 
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IN 
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tM 
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in 
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IM 
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IM 
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IN 
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8M 
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8M 
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-M87 
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8M 
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IM 
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IM 
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883  4 

in 
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n 
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IM 
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IM 
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UM 
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Ml 
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IM 

IMM 
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tM 
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aM4 
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5M4 

tM 
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884  0 

IM 

MM 
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NO 
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Temperature  Conversions 
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C 

F 

C 

F 

C 

F 

- 

F 

C 

HI. a 

393 

144  44 

870.8 

466 

341.11 

1833  0 

1600 

537  78 

33980 

1179 

1031  1 

1964  0 

1740 

1504  4 

5S1.3 

364 

145  56 

674.4 

466 

343  33 

1850  0 

1010 

543  33 

3416C 

1686 

1036  7 

4983  0 

1750 

15100 

S«4.« 

366 

146  67 

676.0 

476 

343  33 

1666  0 

1630 

548  89 

3434  0 

18N 

1033  3 

5000  0 

17M 

1515  6 

SM.4 

366 

147.78 

661  6 

473 

344  44 

1668  0 

1630 

554  44 

34520 

1906 

10378 

5016  0 

2770 

1531  1 

ST30 
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146  69 

665.3 

474 

246.56 

1904  0 

1040 

560  00 

3470  0 

191# 

1013  3 

5036  0 

2760 

1536  7 
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150  00 

6U6 

476 

346  67 

19330 

1650 
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1939 

:il48  9 

5054  0 

1790 

1533  3 

S79.3 

364 

’.91  11 

893  4 
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347.78 

1940  0 
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571  11 

3506  0 

1930 

1054  4 
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543.1 
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1956  0 

1070 
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SOs  44 
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2860 
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316 

156  69 

917  6 
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2066  0 

1136 
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20M 

1063  3 

SI68U 

2870 

1576.7 

608  0 
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160  00 

931.3 

434 

356  67 

2064  0 

1146 

615  56 

3850  0 

3610 

1098  9 
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2880 

1582  2 

611  6 

333 
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934  8 

4M 

257  78 
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